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ON THE CONSTITUTION OF MERCURY LINES. i 


I. The Constitution of Mercury Lines examined by an * 
Echelon Grating and a Lummer-Gehreke Plate. By Prof. 
H. Nacaoxa and T. Takamine, I mperial Unwersity, Tokyo. 


Recuivep Sprremper 4, 1912. Reap Ocropzr 25, 1912. 


§ 1. Object of the Investigation —The constitution of mercury 
lines has been investigated by different physicists, but the 
results are generally not in good agreement. It may be due, 
on the one hand, to the imperfection of the optical instru- 
ments, and, on the other, to the nature of the source of light. 

With an echelon spectroscope, the presence of ghosts can 
hardly be avoided, and the order of the spectrum, for satellites 
at some distance from the principal line, is extremely am- 
biguous, due to overlapping. 

Although the instrument suffers from these two defects, the 
intensity of light is far superior to that in other interferential 
apparatus, as it concentrates the light mostly on one or two 
orders of spectra. An interesting Paper by Stansfield and 
Walmsley* sheds some light on the nature of the ghosts to be 
observed in an echelon grating, but the elimination of the ghosts 
can be easily effected by crossing the spectra according to the 
method of Gehrcke and von Baeyer,f which is analogous to 
that of crossed prisms first used by Kundt in investigating 
anomalous dispersion. The echelon may be crossed by a 
grating, or by another echelon, or by a Lummer-Gehrcke 
plate. We followed the last method to clear some mists, 
which still hang round the nature of the satellites, and that 
for reasons which will be explained afterwards. 

The intensity of the satellites has not yet been accurately 
- measured nor has the regularity in the position of the satellites 
been well ascertained. According to our investigation, the inten- 
sity as well as the position of the satellites are not altogether 
irregular ; this fact will be of special interest to those who wish 
to unravel the secrets of atomic structure. 


§ 2. Lchelon Grating.—The echelon grating and the Lummer- 


Gehrcke plate used in the present investigation were made by 
Hilger. The former was of the following dimensions :— 


Mbrekmess of phe plave somes ceraacceisn se scree 9-350 mm. 
INGIETN EPG! TESS cocdeonncaboqubedDcocusHAOrAOHeBeneG 35 

Slots meen eer aise aapGios cuiasstoie se tiel-osteletc able’ 1mm. 
IbisiiVetUl Vanbonornedobh jos soGodbuanonObegr Code oCBe Hee OROC He 32-73 cm. 


* Stansfield and Walmsley, ‘‘ Phil. Mag.,” 23, p. 25, 1912. ; 
+ Gehrcke and y. Baeyer, “ Ann. d. Phys.,” 20, p. 267, 1906. 
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The thickness given by Hilger agrees with that obtained by 
actual measurement on a piece of prism cut out from the same 
plate used for constructing the echelon,* by means of Abbe’s 
contact micrometer (Dickenmesser) reading to one micron. 
It was compared with a nickel-steel ¢talon previously stan- 
dardised at the Bureau International des Poids et Mesures. 
The above prism (refracting angle 60° 0’ 0-9”) was used in 
finding the indices of refraction of echelon plate for mercury 
lines with a spectrometer (diameter of the graduated circle 
30cm., reading to 1” by microscopes placed diametrically 
opposite). They can be almost exactly expressed either by 
means of Cauchy’s or Hartmann’s formula. It is found on 
interpolation that the numbers given by Hilger for refractive 
indices differ slightly in the fourth decimal. 

The separation of the spectra of consecutive orders in the 
position of minimum deviation is given by the formula 


2 
Oh as ae : 
Au) a5} 
The value of dd,,,, (in A.U.) and the indices of refraction are 
as follows :— 
Nieiae meres 5,790-5 | 5,769:5 | 5461-0 | 4,358-6 | 4,078-1 | 4,046-8 
me (15°C) reer 157456) 1-57473 “1-87725 1-59181 | 1-59790 1-59873 
“Wimax, en] 5805 | 05760 | 05090 | 03002 | 0-2547 | 0-2407 


The homogeneity of the glass, as arranged in the echelon 
grating, was tested by placing the apparatus between two 
crossed Nicol prisms on a large Paalzow’s polariscope, made by 
Schmidt and Haensch.. The dark field was then dimly lighted, 
but none of the polarisation band was to be detected, showing 
that the pile of plates, though not entirely free from strain, 
was almost homogeneous. That the echelon was slightly 
strained could at once be proved, since a beam of parallel rays 
on passing through it did not issue as such, but the pile acted 
somewhat like a lens. This fact is already well known, so that 
it is only necessary to note it. ra; aed 
soe eS 


* Lunelund (“ Ann. d. Phys.,” 34, p. 505, 1911) has some doubt about the 
thickness of our echelon. The number quoted by Lunelund may refer to 
another echelon, of which there are several in Japan. 
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<3. Lummer-Gehrcke Plate —The Lummer plate was of the 
same kind of glass as that of the echelon grating The plate 
was 20cm. long, 3-5 em. wide and 1-09116 cm. thick. The 
last number was determined by Abbe’s contact micrometer. 


-° The indices of refraction were determined directly by means of 


Abbe’s crystal refractometer, the constant of the instrument 
being checked by a quartz plate, and also by the prism of the 
echelon plate, whose indices of refraction were already measured 
by another instrument of high accuracy. The indices thus 
found were less by 7 or 8 in the 4th decimal place from those 
of the echelon plate ; they were conformable to Cauchy’s as well 
as to Hartmann’s formula. 

The value of d/,,,, may be calculated in the following manner. 
The order of the spectrum h is given by 


je usin? a 


1 
A j ey 
where ¢ is the thickness and @ the angle of exit. 
Differentiating it with respect to 4, 
a a ae we 
ey es “) 
h?7=At (uw Fl a aa) (2) 


Since h is of the order 5x 104 in the present experiment, we 
get the equation of finite difference 


Wha Nene 2 BIN 20 NG 2 (3D) 


Equation (2) gives an approximate relation 
Diain 27 = (ne1— 40") A ed) 


Hence, by putting Ah=1, we have AA=dd,,,,., so that 
R2 


max. 4 Peo (5) 


dh 


h oa 


The importance of introducing the correction for dispersion 
was first recognised by v. Baeyer.* 


* y. Baeyer, ‘‘ Verh. d. Deutsch. Phys. Ges.,”’ 10, p. 733, 1908. 
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For grazing exit Ale tee 
2tr/ w?—1 / 
Te V/ t 2 ot Sn ne = ee 


(in A.U.) is as follows :— 


Max, 


and the corresponding dd 


| 


ks Tepdooe Oane on Seunce 5,790 5,769 | 5,461 | 4,359 4,078 4,047 
Nigstitnaeianceka ons 45,820 | 46,000 | 48,710 | 61,980 | 66,720 | 67,200 
GO Nieke nea adenannan 0-12090 | 0-11996 | 0-10659 | 0-06466 | 0-05596 | 0-05450 

| 
I | 


When the angle of exit 7 deviates from 90° by 2° or 3°, it is 
necessary to introduce a small correction to dd,,,., obtained 
for 2=90°. If the angle of exit cannot be measured directly, 
it is approximately calculated by using (3). 

a Gemea gh ae , 
Sin 2=—~p 5 mp (3’) 

It is generally sufficient to take Ah=10 or 15, find the cor- 
responding Az, and then calculate the correction. This is 
easily done on a photograph. 

In using the plate and the echelon gratings care was taken to 
protect them from changes of temperature by enclosing them 
in wooden boxes which were lined thickly with cork plate. 
Nobody remained in the room while the photographic plate 
was exposed. 

The lamp used in the present experiment was mostly of 
Arons-Lummer type, fed by direct current of 10 amperes at 
30 volts, and cooled by water current. Sometimes a Heraeus 
quartz lamp was used, but generally the lines were more dis- 
tinct with the Lummer lamp, especially when it was well cooled 
and placed under low voltage. The photographs as well as 
visual observation show that the lines are better defined when 
the line of sight is parallel to the arc than when it is transverse. 

This is well exemplified in the satellite next to the principal 
line of 5,461 (Fig. 17). 

In the present investigation we did not enter into experi- 
ment on the changes in lines caused by introducing different 
gases into the lamp, as was recently done by Wendt:* 

The plate was provided with a right-angled’ prism whose . 
section is an isosceles triangle, as in the original form used by 


* Wendt, “Ann. d. Phys.,” 87, p. 535, 1912. 
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Lummer and Gehreke ; but it was found more convenient to 
change it into another, “whose section is a right-angled triangle 
with one angle of about 22: 5°, so that the plate can be used d 
vision directo. 

The resolving power of the plate and of the echelon grating 
was nearly the same, and for wave-length of 0-5, it is 435,000 
for the echelon grating and 400,000 for the plate. 


§ 4. Arrangement.—In order to eliminate the ghosts, which 
inevitably appear in echelon gratings, the spectrum was 
crossed by the Lummer plate after the method of Gehrcke and 
v. Baeyer. For this purpose the plate was placed horizontally 
and the echelon grating in such a position that the spectrum 
lines were vertical. The arrangement is shown in Fig. 1. 

The hight emerging from the echelon’ grating was made 
parallel by means of Zeiss micro-planars (focal lengths 7 cm., 
5cm., 3-5cm.), and made to fall on the vertical face of the 
prism attached to the Lummer plate. The interference points 


Echelon 


Abbe Prism  Collimator Ber me Lummer Plate Photographic Apparatus 
Cea = ) oman = { See or 
| Goa Zeiss Planar | { 

\ iH \ 
‘Collimator — 
ek: (Plate in Elevation)! 


Lamp 


Iie. all 


were photographed by means of Goerz anastigmat (focal 
length 21 cm., aperture 3cm.), or by photographic lenses of 
10 cm. aperture, having focal lengths of 70 cm. and 123 cm. 
respectively. 

These micro-planars and photographic lenses were chosen 
so as to meet the special object of each experiment. 

In order to obtain the photographs for the measurement of 
positions of satellites, and for testing the position of ghosts, 
lenses of long foci were generally used ; while for the purpose of 
examining the number of satellites and for photographing the 
lines with short exposure, a micro-planar of long focus (K=7-0) 
was combined with the Goerz anastigmat. 

On this account the photographs given in this Paper are of 
various magnifications. 

The Goerz lens was attached to a photo-theodolite by 
Giinther and Tegetmeyer, as there was advantage in finding 
the angle of exit directly from the readings of the divided circle. 
In order to find the interference points of faint lines it was 


’ 
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necessary to use lenses of short focal length, but for the deter- 
mination of the deviation of satellites from the principal line, 
photographs obtained by lenses of longer focal lengths were 
used to secure more accuracy without increasing the mag- 
nifying power of the micrometer with which the relative 
position of the points was measured. Tor the latter purpose 
the slit in front of the echelon grating was generally opened 
to a width of about 0-:04mm., so that the crossed images 
appeared as short lines instead of points on the photographic 
plate. In this manner the lines of satellites could be placed 
between two spider lines of the micrometer, and its relative 
position exactly determined. When the points were crowded 
it was sometimes necessary to work with a slit only 0-01 mm. 
wide. In spite of the small quantity of light which was 
able to pass through the echelon as well as the plate, the 
exposure did not exceed five or six hours even in the very 
insensitive part of the spectrum. 

For the photography of yellow and green lines, “ panchro- 
matic spectrum plates ” of “ Wratten and Wainwright ” were 
used, and for lines in the violet region we used “ Wratten pro- 
cess plate.” Care was taken to develop and fix the plates under 
the same conditions. 

The focussing of the lens was rather a tedious process, as it 
required sometimes more than a dozen photographs to obtain 
a sharp focus, especially for lines in the almost invisible violet 
region. But in such a region of the spectrum exposure did not 
last more than 10 or 20 minutes before we can obtain a fairly 
good image. Thus we can utilise the bright image given by the 
echelon in shortening the time of exposure of photographic 
plates. 


$5. Crossed Spectra—We tried different methods of crossing 
the spectra. The echelon spectrum was crossed with that 
obtained by a metallic plane grating ruled on a Rowland 
engine; but, owing to the faintness of light and the low 
resolving power of the grating, the results were by no means 
comparable with those obtained by the combination of the 
echelon and the Lummer plate. The same remark applies 
to the crossed spectra of two echelon gratings. The echelon 
above described was crossed with another belonging to the 
Tokyo Higher Normal School, having a resolving. power of 
140,000.* As it was necessary to work with very small slits, 


* The instrument was placed at our disposal through the courtesy of Prof, 
Noda, to whom our best thanks are due. 
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the quantity of light was generally insufficient to show the 
details of the spectra, though it was much superior to the 
crossed spectra of echelon and ordinary grating. 


$6. Advantages of Crossing the Spectra.—In all of our obser- 
“vations the angle of exit was nearly equal to 90°, so that by 
putting : 

1=90°— a, 


where a is small, the equation giving the order of spectrum 
becomes 
WA {We —1) +a, 


neglecting higher powers of a. 

Putting 2=/,+6/, where A, is the wave-length of the 
reference line and 64 the deviation of the wave-length of 
satellites from it, 


DAOA= {8t%( u2—1)—hPA2}+ 02. 


In the crossed spectra given by the echelon grating and 
Lummer plate we may conveniently take for abscisse the 
distances of the satellites from the principal line on the echelon 
spectrum, and hence proportional to 6/, and ordinates as 
proportional to deviation a from grazing exit. 

Consequently the locus of the interference points for the same 
value of h and for different satellites must lie on a parabola 
given by the equation of the form 


y’--a’ =a, 


where a, 6 are constants depending on h. For consecutive 
values of h the parabolas cut the x axis at nearly equidistant 
intervals. 

Thus, by tracing the curve, we are able to arrange the inter- 
ference points according to different values of h. This method 
is sometimes of great assistance in discriminating the position 
of satellites, especially when they are crowded together, as 
observed with the echelon or the plate only. In all of our 
measurements we plotted the interference points from the 
readings of micrometer with respect to and y axes, in order 
to fix the order of the spectrum. 

Figs. 8, 15, 24 show at a glance the efficacy of the method, 
especially for 5,790 and 4,359, in which points belonging to 
different orders of the spectrum are mixed together. 

In order to evaluate the relative positions of the satellites 
it is necessary to refer them, to a line which is sharply defined, 


* 
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It is customary to refer them to the principal line, which is 
generally broad and has hazy boundaries. It is, therefore, 
maccurate to take the principal line as the line of reference, 
and the discrepancies among different observers seem some- 
times to be attributable to the uncertainty in the position of 
the principal line. We have in most cases used a well-defined 
satellite as the reference line (indicated by an asterisk in the 
tables), and afterwards reduced it to the principal line. 

With the plate, numerous orders of spectra can be measured 
with a micrometer, while only a single spectrum can be placed 
under test with the echelon spectroscope. Moreover, the 
optical errors are simpler in the plate. Consequently, the 
result is far more accurate than that with the echelon. In all 
the calculations which will be made hereafter we only take the 
values obtained by the plate into account. 


§ 7. Interference Points.—Owing to the limit in the resolving 
power of the optical instruments, the fine structure of some 
lines cannot be exactly known. Although some lines cannot be 
separated, we find that interference points due to the com- 
bination of the echelon grating with Lummer plate sometimes 
present a singular appearance. When the point is due to the 
intersection of simple strong lines it has a head and a tail, if we 
may so call the tapered ends of the point, which are in the 
direction of the tangent to the parabola joining the inter- 
ference points of the same order. This is almost always 
exemplified in the photographs of the crossed spectra. With 
some points, however, the appearance is greatly modified. 
The head and tail, instead of being simple,.sometimes present 
a complicated appearance. ‘This is observed also when there 
is a weak satellite near a strong line, especially when the 
photograph is of long exposure. By this analogy we may, 
perhaps, be able to draw some inference as to whether the line 
is simple or not from the appearance of the points, although the 
lines may not be distinctly separated. The same remark applies 
to the examination of the blackened line of photographic 
plates by a thermopile (§ 8). 

When there is a ghost in the neighbourhood of a strong line, 
the interference points taper towards the ghost in the direction 
of the x axis in the diagram of interference points when it is due 
to the echelon, and in the y direction when it is attrtbutabdle to - 
the plate. An example of the former case is seen in the crossed: 
spectra of 4,078 (Fig. 29, Plate VIL.) ; faint traces of the ghosts 
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due to the plate were only noticed in the line 5,461. The plate 
was, therefore, nearly free from ghosts. A number of ghosts 
were found in the echelon spectrum of the lines 5,461, 4,359 
and 4,047, which may be seen in the photographs given in 
Figs. 16, 27 and 33 (Plates III., VI. and VIII.). 

§ 8. Relatwe Intensity.—In spite of the numerous investi- 
gations on the position of satellites of mercury lines, very little 
has been done on the relative intensities of the satellites. The 
exact photometry of these lines would be a matter of great 
difficulty, but as the deviations of satellites are only a fraction 
of Angstrom unit in most cases, we may treat it as mono- 
chromatic, and hence assume the constant of the Schwarz- 
schild’s* law of blackening of photographic plates to be the 
same for the principal line and the satellites. Under this 
assumption, we may measure the relative intensities when the 
blackenings of the lines to be compared lie within the normal 
regions of the curves of blackening (Schwarzungskurve). 

Yor this purpose, it was, in the first place, necessary to photo- 
graph the echelon spectrum under several different degrees 
of exposures. Firstly, norma! exposure for the principal line 
and strong satellites, for which the faint lines are mostly in 
the condition of under-exposure ; secondly, normal exposure 
for satellites of strong and mean intensity, by which the prin- 
cipal line is over-exposed ; thirdly, normal exposure for fainter 
lines, and so on. By the combination of these plates we may 
arrive at an approximate value of the relative intensities by 
successive comparisons. The echelon spectra of two suc- 
cessive orders were generally photographed in the position of 
minimum deviation, by which the satellites were all seen 
between the images of the principal line, which were equally 
intense on the plate. 

In order to secure the constancy of the current and voltage, 
the Heraeus mercury lamp was found preferable to an Arons- 
Lummer lamp. Both lamps were used in the present experl- 
ment. For the measurement of the relative intensity the 
spectrum of the echelon grating was photographed without 
the interposition of the Lummer plate. The space between 
the consecutive orders of the spectrum ranged from 3 mm. to 
9 mm. on the photographic plate. This plate was attached to 
a micrometer and placed almost in contact with a slit (17 mm. 


* Schwarzschild, ‘ Publik. d. Kuffner. Sternwarte,” 5, 1900. 
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long, 0-05mm. wide), so that the lines were parallel to it. The 
arrangement is shown in the following figure (Fig. 2). 

The light from a Nernst lamp (110 volt, 1 ampere) was made 
parallel by a quartz lens and passed the plate at normal 
incidence. The current feeding the lamp was carefully 
adjusted during the observation. A Rubens’ thermopile, 
consisting of 24 junctions of iron and constantan wire, was 
placed behind the slit, and the light passing through the slit 
fell on the junctions, which were arranged in a straight line. 
The deflection of a D’Arsonval galvanometer, connected with 
the pile, was read when a successive displacement of 0-05 mm. 
was given to the plate. 

There was great. difficulty in keeping the zero of the galvano- 
meter unchanged, as the metal case containing the thermo- 


Galv. 


Micrometer 


To Water Pump 


Photographic Plate 


Nernst Lamp 
; 


Fie, 2. 


pile got gradually heated, so that the temperature of the cold 
junction was gradually rising. To avoid this inconvenience, 
the metal case of the pile was closed in the front by a window 
of thin microscope cover glass, and was placed within a 
wooden box filled with cotton. A slow current of dry and dust- 
free air, whose temperature was made constant by passing it 
through a long lead tube immersed in a large water tank, 
was maintained through the metal case by a water pump;the 
pressure difference being 8 mm. of water. By this means the 
zero of the galvanometer remained nearly constant. Of course, 
it was necessary to pass the air current for several hours before 
starting the observation. 
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Usually it took seven or eight hours to examine the satellites 
of a single line. 

Objections may be raised against this method of measuring 
the relative intensities by the blackening of the photographic 
plate. Fortunately the deviations of satellites are all very 
small, so that the question as to the validity of assuming the 
constant of Schwarzschild’s law to be the same for different 
wave-lengths does not come into the problem now under dis- 
cussion.. The effect of diffraction and scattering due to the 
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Fic. 3.—LNTeNSITIES OF THE SATELLITES OF A—5, 461. 


line as well as the slit was entirely neglected. This may not 
be negligibly small. The absorption of light by the photo- 
graphic plate and the film, as well as the sensibility of the film, 
are considercd to be uniform throughout the length of the plate 
measured. These are some of the defects attached to the 
above method, but to the first approximation the galvano- 
meter indications may doubtless be taken as a measure of 
relative intensity. The accompanying figure shows how the 
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galvanometer is affected as the plate is made to pass over the 
sht. We shall afterwards state that the intensities in some 
groups of satellites are regularly distributed. 

The existence of the ghosts in the photographs taken with 
the echelon grating alone causes disturbance in the blackening 
due to the real line, especially when the ghost is very near to 
the line. In addition to this, when a feeble line is in the neigh- 
bourhood of a strong one, the former is almost masked by the 
latter, but we occasionally notice a slight protuberance which 
disturbs the smoothness of the curves traced by plotting the 
galvanometer deflections. That these slight protuberances 
were not due to some accidental causes, such as might come 
~ from the change of intensity of the lamp, or that of the velocity 
of the air current, &c., has been verified by the fact that when 
we moved the micrometer backwards exactly the same pro- 
tuberance was seen in the reverse way. 

Although the intensity measurement was carried out on the 
photographs of the six lines of mercury, it was the green line 
5,461 alone which was examined in detail by taking a number 
of photographs under different exposures. For the other lines 
the photographs were taken only in two or three different 
exposures, so that the results were not so accurate as in that of 
5,461. On this account we have given the values of relative 
intensities to two places of decimals for 5,461 only, 

It may be remarked that, when a faint satellite was very 
close to a strong line, there was much difficulty in deter- 
mining the intensity of the former owing to the diffusion of 
photo-chemical action caused by the latter. 


§ 9. Satellites. 5,790.—Of the different lines examined in 
the present experiment, none presents such complex structure 
as the line 5,790. There are numerous lines in 5,461 and 
4,359, but the distribution, as they appear with the echelon 
only or crossed by the plate, is tolerably simple. With the 
yellow line 5,790 the complexity is due to the existence of two 
satellites, both at about. —1:0 A.U. from the principal line. 
The stronger line of the two was noticed by several previous 
investigators, and both lines were directly photographed with 
a Michelson grating by Gale and Lemon.* In the course of 
our investigation the stronger satellite was easily-photographed 
by a Rowland concave grating (radius 103 ft., 14,438-lhes. to . 
the inch), of which Fig. 5 shows its position with respect to the - 


.* Gale and Lemon, “ Astrophys. Jour.,” 31, p- 78, 1910. 
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_ principal 5,790 and the neighbouring line 5,769, already in the 
first order spectrum. The distance of the satellite from the 
principal is about one-twentieth of the distance between the 
two strong lines. This line and its companion appear in the 
spectrum of the echelon grating mixed with other satellites 
(Fig. 6), which lie very near together, and are of the same order 
as the principal, while the said satellite is two orders higher. 
To discriminate the lines from other faint lines it is necessary 
to cross the echelon with the plate (Fig. 7). By measuring the 
position of the interference points by means of a micrometer, 
and joining the points belonging to different satellites by 
parabolas, which form loci of points for the same orders of 
spectra, we easily find that there are distinctly two series of 
points which belong to different orders of spectra from other 
neighbouring points. The result of micrometric measurements 
is given in Wig. 8, and the copy of the original in Fig. 7 (Plate 
I.). The appearance of the echelon spectrum with the respec- 
tive positions of the other satellites are given below the diagram 
of the interference points. The ghost is marked with the 
letter G. They are all blended together, so that it seems 
impossible to discriminate the distribution of satellites with 
the echelon grating alone, as the accompanying diagram of the 
echelon spectrum will show (Fig. 8). 

Although the crossed spectra show beyond doubt the 
positions of these satellites, we tried to bring fresh evidence 
as regards the positions of the satellites in the echelon 
spectrum. 

Instead of using the spectrum given by the Abbe prism in 
the echelon apparatus as constructed by Hilger, we have pro- 
jected the line given by the concave grating, in which the 
stronger satellite —1 A.U. was distinctly separated from the 
principal line, on the slit in front of the echelon grating, so that 
it can be included or excluded in obtaining the echelon spec- 
trum. The spectra, with and without the said satellites, are 
given in Figs. 9 (a) and 9 (6) (Plate II.) respectively. It 
shows that the third strong line from the left is due to the 
satellite about—1-0 A.U. distant. The fourth line is a little 
displaced in relative position, which shows that the neigh- 
bouring satellite is almost coincident with the strong line. It 
will be worthy-of remark that where there is some doubt as to 
the legitimacy of the position of satellite we may bring in the 
aid of the instrument of high dispersion, and by process of 
elimination arrive at a correct result. 
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A discussion was raised by Gmelin* as to the existence of the 
satellite +0-164. By a method which is quite analogous to 
m-— dA. 30: 


h+1i9° 
h+i1c > 


ops h+8 
Dt 


+ 
iy 


\ 


+ 0-180 psste 


~ 


WAS 
x 


that of crossed spectra, he showed that, in place of the “said C 
line, there is a satellite —0-374. With the echelon here used, 


* Gmelin, “ Ann. d. Phys.,”’ 33, p. 17, 1910. 
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and also with the crossed plate, the line falls in the neigh- 
bourhood of —0-938 and +0-224. Of the numerous photo- 
graphs which have been taken with different micro-planars 
and photographic lenses it was difficult to see distinctly the 
exact position of the said satellite. There are several indirect 
evidences for its existence, but we have not given it in the 
figure as its existence cannot be directly ascertained. 

As to the faint line --0-164, which appears distinctly in our 
crossed spectra, and has been measured by Janicki,* Galitzin,t 
and Lunelund,? there is not a least doubt of its existence. It 
may be due to the accidental coincidence of the line with the 
alleged —0-374 in the echelon spectra of the above-mentioned 
observers that the line was cancelled by Gmelin. It is also 
very curious that —0-938, which first appears in the observa- 
tions of Gale and Lemon, had not been noticed previously. 
Tn our case it is altogether impossible to discriminate it from 
-+0:224 in the echelon spectrum ; but the interposition of the 
Lummer plate places its existence beyond doubt, as illustrated 
in the diagram of the interference points. The order of plate 
spectrum for 0-938 is much higher than that for the neigh- 
bouring point +0-224. This is of special interest, showing 
how the crossed spectra can sometimes analyse the coincidence 
of several lines in a single echelon spectra by separating them 
into different interference points. 

Instead of giving a table of the results of different observers, 
Fig. 10 will present at a glance the coincidence as-well as the 
discrepancy of different measurements. The thickness of the 
line is drawn proportional to the intensity. 

It is to be noticed that, the principal lme being wide and 
‘diffuse, the mean point is difficult to determine ; the conse- 
quence is that the distribution of the satellites by one observer 
is one-sided compared to that of the other. The results of our 
measurement are tabulated below :— 
| | 


Echelon. 0-996 | 0-931 | 0-196 | —-05129 | $0 |--0-132 |+0-161 |-0-217 


Plate...... 0-999 |—0-938 |—0-191 |—0-119 | §0 |+0:130 |+0-164 |--0-224 


Intensity] 2 1 @ 6 10] 3 2 4 


| 
* Janicki, ‘““ Ann. d. Phys.,” 19, p. 36, 1906. 
+ Galitzin, “ Bull. de Acad. Imp. d. Sc. de St. Petersburg,” p. 159, 1907. 
{ Lunelund, ‘“ Ann. d. Phys.,” 34, 505, 1911. 
§ The line marked by an asterisk is the reference line in the determination 
of 6A. 
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PROF. H. 
We consider hereafter the result obtained by the plate as 


more accurate than that by an echelon, inasmuch as the optical 
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errors attending the former are simpler than the other, and as 
micrometric measurements can be made on numerous orders 
of spectra. re 

Gmelin showed that +0-084 of Janicki and +0-086 of 
Galitzin are coincident with the satellite —1-0 A.U. Lunelund 
recognised that +0-082 of his observation would correspond 
to the above satellite at the position of 


S70) £01089 — 1 006A Ur, 


but he had no means of detecting the difference in order from 
the other satellites. 

5,769.—This line is quite simple. It has three satellites, 
of which two are nearly symmetrical about the principal 
in position as well as in intensity. The third satellite seems as 


Max. 


a a 7 s 
idee ees Nee 
Gale aid Leon! ee | : fi He Pee {111 {| Michelson Grating, 
pebreke and = FLEE [aaa a 4 t el ia a {Crossed Plates. 
v. Baeyer. I | , | tt Te | Pe eee] 
; Ic Ht i zt [ ie lfiaelal dos do. 
hae 1. ik as 
icki fe io [ | Echelon. 
Janicki, Ht HH ! | aa +t Pert 
First Galitzin. HH Cee [ HSE i do. 
a C = 5 aia oot BI (ae iG 
Fi ag Atal I p 7 
Lunelund, = i) He - | 
Nagaoka and ti +7 Echelon crossed 
Takamine é iD - Bel Gee alm ne with Plate. 
j : os el S a fox) 
fo) —) i) ° ‘ 
| ' + au 


. Fie. 13,—SrructurE or \=5,/69. 


if it were the ghost of the principal, but micrometric measure- 
ment shows distinct deviation from the position which it must 
occupy if it were a false line due to echelon. 

Fig. 11 shows the crossed spectra and Fig. 12 the echelon 
spectrum. 

Our measurements are as follows :— 


Echelon............ | —0-109(2) | —0-049 | *0 0-046 
iste Monee. | —0-121 0-050 | #0) 0-044 

| o 
Intensity ......... | 1 | 3 | 10 3 


The lines +-0-084 and +0-121 given by Lunelund did not 
appear in the crossed Spectra, and are probably ghosts. The 
results of various observers are shown diagrammatically in 
Fig. 13. 

VOL. XXY. B 
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5,461.—Much interest attaches to this line, as it is the 
brightest and the most accurately examined of the lines of 
mercury. The crossed spectra (Fig. 14, Plate HI), the diagram 


Fig =e OK -maxi0°5099-—-—- > 
(Echelon) ! 


RANE NANA | 
TZ 
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fied ; L 
Mi sens ree Bx3g° 
oe oS S rr) a 
ee My eal 
Fig. 15 : ~ 


ef the interference points (Fig. 15) and the echelon spectrum 
(Fig. 16, Plate IIT.) show at once the presence of eight satel- 


lites, of which the existence can hardly be doubted. In order 
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to separate the principal line from its nearest companion, 
—0-026, it is necessary to run the lamp at low voltage, and 
place the line of sight in the direction of the arc. Also good 
cooling of the tube is necessary. The photographs of echelon 
and of crossed spectra taken under these conditions are shown 
in Figs. 17 and 18 (Plate IV.). By long exposure of the 
photographic plate we noticed fine ghosts (indicated by G in the 
diagram annexed to Fig. 15) in the neighbourhood of the line 
—0-242 and +0-210; these are very much like those observed 
by Stansfield, who, however, considered the real line —0-054 
also as a ghost. The faint line +0-210 is not easy to measure, 
but its existence is beyond question (Fig. 19, Plate IV.). 

The results of different observers are given in the diagram 
below. 


os) ea a es 
Qo oO o Q So 
rot Poon ia) See Cone 
Gate and Lemon.(] is ie Ta HEEH H Michelson Grating. 
Gehbrcke and x 7 
v. Baeyer. ME H crossed Plates. 
v. Baeyer. a aril [ (ONES CESoRm, ks chy 
Janicki. Lee Gm eRe “CECE Echelon. 
Fiirst Galitzin. [ | Bl: I ae GEE cw, 
Stansfield. SSE | BENE | do. 
Lunelund. aaa ! Ci do. 
Pabry and Perot. ia LI Fabry-Perot Plates. 
Nagaoka and cH C Eohelon crossed 
Takamine, with Plate. 
a on rc) me 
} Koy ro ° 
| | + + 
Fig, 20.—Srructure or A=5,46l. 


Our measurements are as follows : 


Kchelon...|*— 0-246 | 0-113 |—0-080 |—0-055 


i 
—0-026} 0 |+0-072 |+-0-118 |+0-204 


Plate * 0-242 | 0-108 |— 0-074 |—0-054 


0-026 


0 |+0-078 |+0-123 |+-0-210 


Intensity 5-22 2-62 4-92 1-50 


8:26 


10 


5:77 


3°47 1:34 


These numbers agreé very well with those found by v. Baeyer. 


Several of the lines cited by Lunelund occupy similar positions 
to the ghosts in our echelon spectrum, and will probably 


have no real existence. 


B2 
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We shall afterwards see that the intensities of the different 


satellites are in a regular order. 
4,359.—This strong line is accompanied by 10 satellites, so 


that the crossed spectra are by no means simple; but as they 
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are not so widely distant from the principal as in 5,7 90, the. 
discrimination as to the order and position of the interference 
points is not so tedious as with the yellow line. The echelon 
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spectrum is accompanied by five ghosts (G in annexed diagram 
of Fig. 24), which are so intense that they may be easily mis- 
taken for real lines, had they not been eliminated by crossing 
with the Lummer plate. More than 100 photographs were 
taken before we were sure of the existence of the lines. Fig. 21 
(Plate V.) shows the copy of an original, Fig. 22 enlarged, 
Figs. 25 and 26 (Plate VI.) more magnified in the higher orders 
of the crossed spectra. The photographs of the echelon spec- 
trum, Figs. 23 and 27, indicate how misleading they are if we 
have only to rely on them without some means of separating 
the false from the true lines. The diagram below, indicating 
the results of different observers, shows how unreliable the 
echelon spectrum is alone. 


a ra 3 3 
i T = 4 ne 
Gala and Lemon. Michelson Grating. 
Gehrcke and CC Crossed Plates. 
vy. Baeyer. 
vy. Baeyer. i | do. do. 
Janicki. a0 i Echelon. 
First Galitzia. i i at nh H do. 
Lunelund. Ho Lot do. 
Lt 4 Echelon crossed 
eae HEE with Plate. 
: a io o 3 a 
rf re i vi 


Fic, 28.—SrructurEe oF \=4,359. 


The following table gives our measurements :— 


helon..|—0-161 |* —0-108 | 0-094 |—0-045 |—0-019 | 0 |+-0-020 |-+-0-032 | 0-045 |+ 0-106 |+0-183 
ate .....| 0-163 |*—0-110 | —0-097 | 0-048 |—0-023 | 0 |-- 0-617 | +-0-026 |-+ 0-048 |4-0-105 |+-0-182 
tensity| 6 4 3 1 8 10) 4 1 | 5 5 4 


The number of lines as well as the positions agree tolerably 
well with v. Baeyer, who had the command of the highest 
resolving power of all the experimenters above cited. 

The diagrammatical representation (Fig. 28) of the distribu- 
tion of lines shows a close resemblance with that of the satellites 
of 5,461. 

4,078.—The structure of this line is simple, as shown in the 
crossed spectra (Fig. 29, Plate VII.) and in the echelon spectrum 
(Fig. 30, Plate VII). 


ra 
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The appearance of the latter figure reminds one of the 
similarity with 5,790, if the line —1-0 A.U. be eliminated. The 
deviations among different observers are not so large as in the 
case of other complex lines. Our measurements are given 
below :— 


| 
| 


| | 
* 0-048 0 +0-029 | +0-044 1 +0-067 | 


ICEL Or seeeeetees —0:079 
Plates recast —0:077 |* 0-047 0 +0-032 | +0-050 | +0-076 


Intensity......... | 4 5 CRE eee aes eee 


a & 3 = 
i r © rg = 
Gehrcke and [14 EGE SRSSHS0e Smee ete arom 
v. Baeyer. AGrossed Plates. 
v. Bayer. = de. do. 
Janicki. | i: [1 Echelon, 
Lunelund, BBS! io | do. 


Nagaoka and F i Echelon crossed 
Takarsine, EEC srs its with Plates 


8 2 
Q So 
+ + 
Fre. 31.—Srrucrore or 2 - 4,078. 


—040 
—0-65 
0 


4,047.—The echelon spectrum of this line sometimes shows 
a number of ghosts by long exposure. Fig. 33 gives the 
photograph taken with 15 minutes’ exposure, and Fig. 32 the 


eepeinie = 
Gehreke and Ly a C] 
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v. Baeyer. FSI a Bs | do, do. 
HHH : 
Janicki. RIE ial | Echelon. 
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° wi fo) bd nN 
S fos) ° Oo» bee 
! | + OE: 
Fig. 35.—Strucrure or A\=4,047, SEehane 


crossed spectra with a lens of short focus. A lens of long focus ~ 
gives more detail (Fig. 34). The principal line is found to be 
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double, and near it is another doublet, which has been often 
considered as a single broad line. The diagrammatical repre- 
sentation (Fig. 35) of the position of the satellites shows the 
discrepancies among different observers. Although we have 
taken photographs with exposures of several hours, we 
have not been able to establish the existence of the numerous 
satellites given by Wendt; it appears that they were mostly 
due to the nature of the lamp. 
Our measurements are given below :— 


s oe Dee 
Echelon............ * 0-118 |—0-063 |— 0-049 0-013, 0 |+0-060 |+0-117 


THERE sa6 ovpecoensog * 0-114 |—0-060 |—0-046 |—0-012 


0 |+0-059 |40-117 


Inbensitiye..c.. 05. 3 a | 4 8 | 10 5 5 
| | s | 


We have further to remark that the line 4,916 is single ; 
4,348 and 4,339 are difficult to photograph without the intru- 
sion of the strong line 4,359, so that it is not easy to determine 
how many satellites accompany them. Probably 4,348 has 
three, but we tried in vain to have them separated from the 
lines of 4,359, which inevitably appeared with 4,348 as diffused 
light. 

§ 10. Regularity.—One* of us has already pointed out that 
the distribution of the satellites is not altogether irregular. 
It was, however, stated with reserve, as the ghosts were not 


NE. of 


— Satellite. 5d (observed). 

Ga (2) 949-2 ==—(4+2)K 242-6 
(2) Wijss tS (a E28 
(—3) el) E20 
(—2) 558 = (-1)x2—28 

Name ps4 Olleeremens: <] 

21) — 26-5 
@ily | 77-0) == (—1) x3—-15 
(Ea) 4122-4 

(emcee) 209-6 = —(—4)X2-+7-0 : 


~ ° 
8a’s are expressed in m.A.U. 


* Nagaoka, ‘“ Phys. Zeit.,” 10, p. 609, 1909. 
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eliminated and were misleading. In the present experiments 
the ghosts are eliminated, so that we may enter with con- 
fidence into the discussion as regards the distribution. 

It has already been stated that the 62 of some satellites 
are in a simple ratio; a good example is afforded by the 
satellites of the lines 5,461, 4,078 and 4,047. 

Distinguishing the satellites by the number, we find that 
64’s can be expressed as multiples, or sometimes as combina- 
tions of 6/ of other satellites as given in the third column of 
the lower table on previous page. 


We obtain the approximate relation 
(= 1s (= 2)2(8) oT) —4) 
=26:5 : 55-8 : 75-0 (or 77-0) : 108-3 
Late ese 23 Re! 5 
The ratio is not exact, but it does not seem to be a mere 
chance coincidence. 


ie cre __ | 8A (observed). 
(Gers) —76-9 =—(+3) O65 
ox Sa) +3+1 
Line 4,078 ......... (+1) Tae ae 
eee) Be os ea!) +31 
=) pthc ete me 0-7 


Lines (—2) and (+3) are symmetrical about the principal ; 
(—1) and (+2) are nearly so ; (+1) is given by the difference 
between (—2) and (—1). 


No. of 


Sane Satellite: dd (observed). 
cl (=4) | —1ldl =—(49) +26 
(3) — 601 =—(+1) —1-6 
Line 4,047 ......... 4 pe ahi pea 
(al) — T24 =—(+1)—(— 2)50-3 * 
(+1) + 585 =—(—3) Siem 
lsat) +1167 =—(—4) +2:6 


ON THE CONSTITUTION OF MERCURY LINES. 25 


The approximate symmetry between (—4) and (+2), 
(—3) and (+2) is at once evident, and (-F2)==2 >< (-E1), 

It we investigate the structare of other lines we may, per- 
haps, find a similar relation; we believe that such a relation 
is not peculiar to mercury lines only, but is to be found in lines 
of other elements, of which manganese, investigated by Janicki, 
is one instance.* Examples of the symmetrical positions 
of the satellites with respect to the principal line are to be 
seen in Figs. 10, 18, 20, 28, 31 and 35. This symmetry of 
position is not, however, always attended with that of 
intensity. 

Tn addition to this, the character of the distribution of lines 
is similar, especially in 5,461 and 4,359, which belong to the 
second subordinate series. In both of these lines the principal 
line is accompanied by a strong satellite on the side towards 
the violet, which is very near it. For these two satellites the 
difference in frequency from their respective principal lines is 
nearly the same, which is also characteristic of some alkaline 
elements. 


Thus for 5,461 : v= 88x 10-4, 
4359<  =89 
AOLT =. =76. 


The last line, 4,047, shows some deviation, but as the 
position of the neighbouring satellite is so near that it is hardly 
resolved by the instruments at our command, we must wait 
for a more accurate determination with instruments of greater 
resolution. ; 


a tive oA 
Another characteristic is that the numbers — have values 


A 
common to several of the satellites in different lines, and are 
multiples of those preceding them, so that some numbers occur 


A 


: OA ; 
oftener than others, if we construct a table of — for different 
lines. 


6A 
The following table covers all the values of — for satellites 


A 
found in the present experiment. For 4,348 the mean of 
different observers were assumed. 


* Janicki, “ Ann. d. Phys.,” 29, p. 833, 1909. 
yt In constructing the above table only 8a’s found from the plate were 
used ; sometimes the fourth decimal was taken into account. 
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dA BAL cr 9A 107. 
r. =o ie, r. i SOs dr. x x10 
4,078 122 4,259 = 253 
east 2 4,359 2x 60=120 
4,359 3x 40=120 5,790 283 
4,359 40 4,047 4x 31=124 4,047 | —282 
|| 4,047 289 
5,461 2%, 5,461 —138 || 4,047 | 2x 145=290 
4,359 —53 5,461 141 
5,461 | —3x49=—147 || 8,790 | —330 
e 4,047 145 | 4,859 | 3x 110=330 
ae ates 4,047 —149 | 4,358 | 3x110=330 
- 4,348 186 4 Shon) agi 
5,769 77 4,078 187 5,461 | 383 
4,078 78 4,078 —188 5,790 | - 386 
4,359 2x 40=80 4,348 | 2x 186—372 
5,461 —198 4,078 | 2x 187=374 
bAGL | 24x 40-196 | 
ee Se 5,461 2x 102=—204 || - 4,359 416 
4,259 2x 98=-196 5,790 | 2x 206=—412 
5,461 102 = 5,769 | 2x210=—42 
4,359 98 5,790 —208 5,461 | 3x138=—414 
5,461 2x49=— 98 |] 5.769 —210 | — 
4,359 2x 53=—106 || 5,461 444 
5,790 223 5,461 | 2x 224448 
5,461 224 4,359 | 2x 229——444 
ee Sh. 4,359 —292 4,359 |—4x 110=—440 
? 4,359 2x110=—220 | 4,348 |—4x110——440 
: 4,348 2x 110=—220 
4,348 115 5,790 | —1,620 
4,078 =a1'l6 4,359 240 
4,047 —115 4,359 4x 60=240 5,790 | . —1,725 


It will be seen that some of these numbers are remarkably 
coincident in several lines, and some of the numbers are 
multiples of others. 

Interpreted in the light of Doppler’s principle, the quantity 


eS 


denoting the velocity of light. 


Oh came ‘ 
RTs gives the velocity uw of the approach or recession, ¢ 


The numbers above obtained 


make w range from several hundred metres to many thousand 
metres per second. But this is simply a suggestion, and we 
do not mean that the above quantity is due to Doppler effect. 
The multiplicity of the above numbers may probably be due 
to the number of electronic charges which form the centres of 
light vibration. It would, however, be premature to speculate 
upon any theory which will explain the facts here described. 
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It may be suggested that the change of frequency, which is 
ees 

proportional to a will have the same property as de ; a table 

of 7a Was therefore constructed, but no inference could be 


drawn from it, except the one already mentioned with respect 
to the companion of the principal line. 

The intensities of many satellites seem to follow a simple 
law. A glance at Fig. 3, representing the intensities of green 
lines referred to the principal line, will show that they decrease 
proportionally to 6A from the principal line for the satellites 
—0-026, —0-074, —0-108 on the negative side, and for +0-078 
and +0-123 on the positive side. Again, the vertices of the 
intensity curves for — 0-242, —0-108, —0-054 lie on a straight 
line, which makes us doubt if these lines are not the satellites 
of the strong line —0-242. Only the satellite +0-210 does not 
fit in these lines (Fig. 36, p. 28). 

It must not, however, be forgotten that the ghosts in an 
echelon spectrum disturb the intensity of the neighbouring 
line to some extent. 

The law of the proportionality of intensity to 62 is also 
indicated in the intensity diagram for 4,359, 4,078 and 4,047 ; 
due to the complex structure of 5,790, it is difficult to draw 
any inference, as also for 5,769, in which the satellites are too 
few in number. 

With the line 4,359 the intensity curve for —0-023 and —0-097 
lies on a line with the principal, and also for —0-163, —0-110 
and —0-048. Perhaps the latter lines are satellites of — 0-163. 
On the positive side, +-0-017 and + 0-026 lie on a line with the 
principal. 

With the line 4,078, +0-050 and +0-076 form one line with 
the principal, while the last line may also be grouped with 
—0-047 and +0-032. With 4,047, —only 0-012 and —0-046 
form a group with the principal line. 

We have further to remark that in all of these lines two satel- 
lites of almost equal intensity, which is nearly half of that of 
the corresponding principal line, are always to be found—z.e., 
—0-242 and —0-074 in 5,461, +0-043 and +0-105 in 4,359, 
—0-047 and +0-:050 in 4,078, and +0-059 and +0-117 in 
4,047. 

So far as we are aware, these relations as regards the positions 
and the intensities of the satellites are noticed for the first 
time. 


’ 
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It will be interesting to measure the intensity with different 
apparatus, as the results here obtained may have been affected 
by instrumental errors. 

At the present stage we do not wish to advance any 
hypothesis explaining the distribution of intensity among the 
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satellites, but simply suggest that it will have important bearing’ 
in explaining the structure of complex spectrum lines, especially 
from the standpoint of the theory of ionic collisions, 
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It would also be interesting to see if these relations hold also 
for satellites of different lines of metals, as bismuth, cadmium, 
lead and others. 


$11. Conclusion.—-From the results of former observers, and 

from the present experiments, we see that the echelon spectrum 
is almost invariably accompanied by ghosts, and is ambiguous 
as regards the order of spectrum, when the satellites are not 
very near the principal. 

These defects may be avoided, and the brightness of echelon 
spectrum combined with its high resolving power utilised, 
by crossing it with Lummer-Gehrcke plate, following the 
method initiated by Gehrcke and v. Baeyer. 

The positions and intensities of the satellites of mercury lines 
are not entirely irregular, so that they seem to have some 
definite structure if properly arranged. 

It is extremely desirable that similar researches should be 
extended to the spectrum lines of other heavy metals, and that 
the conditions under which the satellites appear or disappear 
should be fully investigated. 


ABSTRACT. 


The authors have photographed the principal lines of mercury, 
using an echelon spectroscope crossed »y a Lummer-Gehrcke plate. 
They find that the 5,790 line consists of 8, the 5,769 line of 4, the 5,461 
of 9, the 4,359 of 11, the 4,078 of 6 and the 4,047 of 7 components, 
whose positions in general agree with those found by recent observers. 
They point out a simple relation between the distances of the com- 
ponents from the principal line in each case, and a further relation 
between the quotient of each of these distances by the wave-length of 
the principal line, which holds for all the lines. The relative inten- 
sities of the component lines were determined by interposing an 
echelon photograph between a constant source of light and a linear 
thermopile, and noting the changes in the deflection of a galvano- 
meter in series with the pile as the plate was moved across the face 
of the pile. In every case there appears to be a simple relation be- 
ween the position and intensity of each component line. 


DISCUSSION. 


Prof. 0. H. Luus pointed out that the ambiguity as to which order ofspec- - 
trum any satellite belonged, could be very easily determined by transmitting 
the light from the echelon through a prism so as to increase or decrease the 
dispersion slightly, which would cause the satellites to open out from, or 
approach the principal line they belonged to proportionately, while the 
distance between the same line in adjacent orders would of course not be 

ed. 
see SpANSFIELD was very much interested in the valuable work the 
authors had carried out, and objected only to their reflections on the 
character of the echelon spectroscope. He agreed with Prof. Lees that 
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the ambiguity as to the order of spectrum lines at some distance from the 
principal line, mentioned by the authors, could in practice be readily 
avoided by employing a prism to increase or decrease slightly the echelon 
dispersion. The ech:lon he had employed showed some of its secondary 
diffraction maxima, as any diffraction grating approaching to per- 
fection in its optical behaviour was bound to do. These secondary 
maxima were abnormally bright on one side of the principal maximum 
and very faint on the other. In the Paper by Stansfield and Walmsley, 
referred to by the authors, this had been shown to be due to a cubic 
aberration produced by the one-sided clamping of the glass plates. In 
spite of this want of symmetry, however, he thought it was only fair to 
the instrument to call them secondary maxima, and he hoped that the 
authors of the Paper would say whether the faint lines they referred to as 
ghosts were also secondary maxima. His own list of components for the 
green line only differed from that given by von Baeyer and the,authors of 
the present Paper in the omission of the faint line at - 54m-A., and this 
did not represent any difference of opinion as several of his photographs, 
including the one reproduced in his Paper, gave some evidence of this 
line. A secondary diffraction maximum which happened to come in that 
position was so bright that the presence of a faint primary assisting it was 
strongly suspected. Fabry and Perot’s early values for the green line, 
which differed considerably from the others quoted in the Paper, were 
not regarded by their authors as accurate determinations. He was not 
aware that they had ever published them except in correspondence with 
Prof. Zeeman. He considered that the agreement between the results 
obtained by widely differing methods was fairly satisfactory. “There 
was another effect which should not be overlooked when working with 
the echelon which was due to the light reflected forwards and back- 
wards between the plates. This produced Fabry and Perot bands super- 
posed on the ordinary spectrum. These were chiefly visible on broad lines, 
which thereby looked ribbed, and caused an erroneous splitting up of the 
lines. This could be detected by rotating the echelon slowly, when the 
Fabry and Perot bands will move fastest, and will, therefore, move over the 
surface of the line they are situated on. 

Thanks were returned by the meeting to Prof. H. Nagaoka for having 
communicated his valuable Paper to the Society. 
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Il. Note on the Mutual Inductance of Two Coaxial Circular 
Currents. By Prof. H. Nacaoxa, Imperial Uniwersity, 
Tokyo. 


Recetvep Aveust 27, 1912. Reap OcropEr 25, 1912, 


Tur ‘ Bulletin ” of the Bureau of Standards, Vol. VIIL., No. 1 
contains a résumé of different formulas for the mutual induct- 
ance of two coaxial circular currents. Several tabies for the 
numerical evaluation of mutual inductance are given, but it 
appears to me that nearly all practical cases can be calculated 
with accuracy of about one part in a million, by means of a 
short table, which is applicable to all cases, for which the 
circles may be far apart or they may be nearly in contact. 
Denoting the radii of the circles by A and a, and the distance 
between the centres by 6, Maxwell* gave two formulas : 


Miya (= bK=— 7 
in whi 2/Aa ey era 

a —— =e eee 5 
in which iceent sin y ' 

4/ Aa ; 

and Mee hae CL a get) 
ge eel 
in which ears 


n=V(Ata)?+b*, 
Te=V/(A—a)?+6°. 
K and E are complete elliptic integrals of the first and second 
kind respectively, with the corresponding modulus & or f,. 
From the general expression for the mutual inductance of 
two circles, or from Maxwell’s first formula, we can deduce the 
following expression} in theta-functions : 


2/Aa 9,"(0) , 3"(0) 

= ee PR (SD 
M 0.7(0) ( 9,(0) o a.{0) ) (9) 
On expansion, this becomes 


M=4orv/ Aah 4ng?(1+-3q!—49°+9¢8—+ ...)} . - (34) 


* Maxwell, “ Electricity and Magnetism,” 2, § 701. 
+ Nagaoka, ‘“‘ Phil. Mag.”, 6, p. 19, 1903. 
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The above series is rapidly convergent, and is convenient 
for numerical calculation, as the values of 


log (1-++-3q4— 496+ 9¢8—+ ».. ) 
have been tabulated.* When k is near unity, we have to use 
q1 which is complementary to q, and 


a 1 1 


Although the above series converges very rapidly, it is 
rather tedious to find log. nat. (-) 
q1 


In Maxwell’s second formula, we have the relation between 
k and k, given by 


avi 
I+k, 
From the theory of elliptic functions, we know that for the 
above transformation, 


K’(k') _ K'(k',) 
k 


K(k) ~~ K(k,) ° 
pee na ea) 
so that g(k)=e "K® =e. 2° K() , 
~4/¢(hy) 
Denoting q(&,) by h, we have 
SOD) lsh oy ale Saas ene, 
By direct transformation, or from Maxwell’s second formula, 
we get oe) 4,00) 
=> Te4/ “67 (0) eet ie on! (6) 


which on expansion becomes 
—— $/ 1—4h+-9h8 — 16A18+- 25724 |. , 
es Anh*( : oat ee ae , 
w bay/Ba} a (ee ThE 9420 =) rt 
Since / is a small quantity, the fractional term is near unity ; 
we may therefore write it 1+ ¢, so that 


M=4nv/Aaldaht(1te) 2... (7) 


On expansion 
€=1+-3h?—4h34 9fs— 12p5+4 .., — 
which is the same as that given in (3°), if we take account of the 
relation (5). Constrv cting the table of log,)(1-++ e) far valyes of 
h from 0 to 0-2, we can easily calculate M by (7) for almost all, 


* Nagaoka, ‘“ Journ.” Coll, Sci., 'lokyo, 27, Art, 6, 1909; “ Bulg Bur 
Stand., 8, p. 215-220, 1912. ug ne 
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cases that occur in practice. Evidently the interval between 
h=0 and h=0-2 corresponds to that between y=0° and 
y=89° 30’ in Maxwell’s table, which only extends from y—=60° 
to y=90°. 

The accompanying table of log,,(1++e) was calculated for 
me by Mr. T. Mishima, who made use of eight place tables of 
logarithms by Bauschinger and Peters.* The table can be 
used within a wide range, 7.e., when the circles are very widely 
apart till they are nearly in contact. 

The following explanation for the use of the table will be 
perhaps necessary. 


ei tls 
Calculate k= am 
which follows from the relation k’,2=1—h,2, and find 
_l-vk, 
l+Vk, 
Then aig | 
2 2 2 mas 


Generally the first term is sufficiently accurate. Find log,,(1+e), 
corresponding to the above value of h ; then M will be given by 
(7). When great accuracy is required, it is advisable to 
calculate / by the formula 


ae 
(L448 )4+-V kG)? 
An example will suffice to show the use of the table. 
Take As =—25.em., b== lem... 
then k, =0-9607920, 5 =0-1550662 
h—0-1552463 


log (1-++ e)=0-0260142 by the table. 
M= 1036-666; cm. by (7) 


The last figure is, of course, uncertain, as the tables are of 
seven places. By using Legendre’s table in Maxwell’s formula 
(2), Rosa and Groverf give for the same case 


M=+1036'666: cm., 


* Bauschinger and Peters, “ Logarithmisch-trigonometrische Tafeln mit 
acht Dezimalstellen,” Leipzig, 1910. 
+ Rosa and Grover, “ Bull.” Bur. Stand., 8, p. 21, 1912. 
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which differs from the value found above by less than one 
part in a million. 

If we have to use Maxwell’s formula (1), and the table* 
compiled after it, we have to find the value of M for y=88° 
51’ 14”. It will be easily seen that the first and second differ- 


ences are very large, so that the calculation is extremely 
tedious. 


The chief advantage of the above table lies in the fact that 
nearly all cases in practice are included within a short range of 
argument h, and the calculation is easy to perform, as the 
second difference is generally small (<26). 


ABSTRACT. 


Methods are given for the rapid caiculation of the mutual induc- 
tance of two coaxial circular currents. Maxwell’s first formula is 
converted into theta-functions, and then expanded in a Jacobian 
qseries. The logarithmic values of this series for various values of q 
have been tabulated in a previous Paper by the author. When the 
circles are near one another a series for M is given in terms of q,, 
where q, is the complement of g. In this Paper the author treats 
Maxwell’s second formula in a similar way. A table of the values of 
these series found, computed to six decimal figures by T. Tishima, is 
given. The chief advantages of this table are that nearly all prac- 
tical cases are included within a short range of the argument, and the 

calculation is simple, as the numbers in the difference columns are 
small. By the help of these tables and series the mutual inductance 
between two coaxial currents can be easily computed to a high 
degree of accuracy. 


DISCUSSION. 


Mr. A. CAMPBELL expressed great thanks for this communication. He 
had already used the tables given by Prof. Nagaoka in a former Paper on 
the subject published in Japan very largely, and those given in the 
prescnt Paper covered still wider limits and enabled cases to be caleu- 
lated which otherwise necessitated the use of Legrende’s Tables of Elliptic 
Functions. 

Dr. Russet expressed his interest in the Paper. He pointed out that 
the value of the mutual inductance was given to seven figures. It was 
certainly a step in advance to be able to evaluate so easily and to such a 
high degree of accuracy the simple expression for the mutual inductance. 
But in “practice the wires used had appreciable thickness, and it was 
highly desirable that a more accurate formula be obtained so as to take 
this thickness into account. 

Mr. F. E. Smrrn said he would like to express personal thanks for the 
Paper, and hoped that Prof. H. Nagaoka would also give tables for the 
mutual induction of a coil and a circle. The point raised by Dr. Russell 
of the thickness of the wires had been considered by Dr. G. F. C. Searle 
in a Paper on the Current Balance, who found that the effect was in 


general negligible. It was quite evident that the present, Pager was Bee 
labour and time saving. 


* Maxwell, “ Electricity and Magnetism,” 2, 701. Also, ea “Bull.” 
Bur, Stand. 8 p. 190-192, 1912. 
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Ill. The Absorption of Gas in Vacuum Tubes, By 8. E. 
Hiny, B.Sc, 


Recrrvep Avausr 39, 1912. Reap Octoprer 25, 1912, 


Ir has long been known that the continued discharge of a 
current through an ordinary glass vacuum tube causes a 
gradual diminution in the pressure. Pliicker first noticed the 
effect while passing the discharge by means of a Ruhmkorff’s 
coil throvgh a Geissler tube.* 

Later on Muller and De la Rue observed the change in 
pressure after passing a discharge for several minutes through 
similar Geissler tubes, and in their later experiments they had 
to give up the use of tubes sealed off from the pump. 

Hutchinst examined the spectra of the gas enclosed in a 
vacuum tube, and found that if a trace of any gas be admitted 
into an exhausted tube and the discharge be then passed 
through it, the spectrim of the gas gradually disappears, 
leaving only the spectrum of hydrogen. This latter spectrum 
arises probably from the water vapour condensed on. the walls 
of the tube, and which is so difficult to remove. Since then 
the knowledge of this phenomenon has been used to obtain 
extremely low pressures in tubes. Thus a tube run con: 
tinually will reach such a degree of exhaustion that the dis- 
charge is at last unable to pass. The method has also been 
used to obtain “ hard” rays from Rontgen ray bulbs. Many 
investigations have been made into the causes of this dis- 
appearance of gas, but none of the experiments performed 
have allowed us to decide with certainty whether the action 
is a definite chemical action or merely a physical absorption. 
J. J. Thomson inclined to the latter theory ; but the experi- 
ments of R. S. Willows,§ carried out at the same time, did not 
bear out this idea. Willows used as his source of current a 
battery, as lending itself better to quantitative results than 
the irregular current derived from a coil. His experiments 
were conducted with soda, lead and Jena glass, under varying 
conditions of surface, &c. He came to the conclusion that 
most, if not all, of the gas absorbed is to be accounted for by a 
chemical combination with the glass. Willows also found 


* Pliisker, “ Pogg. Annal.,” 1858, Vol. CIIL., p. 91. 

+ Phil. “ Trans.,” Part I, 1878, p. 155. 

+ Hutchins, “ Amer. Journ. of Science,” Vol. VIL., 1899, p. 61. 
§ Willows, ‘“ Phil. Mag.,” April, 1901. 
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that soda glass gave the greatest absorption, lead glass next 
and Jena glass least of all. He therefore recommended the 
use of Jena glass for vacuum tubes. Hydrogen was found to 
be absorbed by Jena and lead glass to a far less extent than air 
or nitrogen, and in the case of lead glass part of the hydrogen 
reappeared after resting the tube for some time. 

In. 1907 Campbell-Swinton* published his experiments on 
‘the.subject. He found that after a tube had been made to 
absorb a large quantity of gas, and was then heated to its 
fusion point, bubbles of gas appeared in the glass, which came 
to the surface and there burst. These bubbles appeared to be 
in the walls at an average depth of 0-12 mm. The glass was 
next crushed to powder in a special vessel, and the spectrum 
of the absorbed gas at once became evident. His final con- 
clusion was that the gradual disappearance was due to the 
mechanical driving of the gas into the glass, and not to any 
chemical combination. 

Soddy and Mackenziet repeated these experiments, and 
obtained the Campbell-Swinton effect of the bubbles in the 
glass, but came to the conclusion that the gas which causes 
these bubbles is not the discharge gas driven into the glass. 
The bubbles are, in all probability, a secondary effect due to 
the chemical decomposition of the glass under the influence of 
local heating produced during the bombardment. They 
suggest, also, that in glass there are always present sufficient 
undecomposed carbonates and sulphates to account for the 
effect. No conclusion was arrived at as to whether the 
absorption of the gas was chemical or mechanical. Various 
other suggestions have been made. Thus, it has been sug- 
gested that the gas is shot right through the walls of the tube, 
but one of Willow’s experiments negatives this. It has been 
thought that the absorption takes place at the electrodes, but 
this interpretation takes no note of the fact that the effect is 
obtained with the electrodeless discharge. 

When about to commence a fresh series of experiments it 
seemed probable that a study of the effect with the elec- 
trodeless discharge would lead to more definite results, and this 
for several reasons. In the first place, any possibility of 
electrode action is done away with, both as regards absorption 


* Campbell-Swinton, “ Proc.” Roy. Soc., Series A, Vol. LKXTX, April, 
1907 : 


+ Soddy and Mackenzie, ‘“‘ Proc.” Roy. Soc., Series A, Vol. LKXX®, 
February, 1908. 
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and evolution of gas. This latter proves a continual source 
of difficulty throughout such experiments. Secondly, with 
the ring discharge, the ions are not directly shot into the glass, 
as 1s the case when metal electrodes are used. The possibility 
of this is still less if the bulb is screened to prevent any elec- 
trostatic effects. Under these conditions, that part of the 
disappearance of gas due to mechanical driving into the walls 
of the tube will be practically eliminated or, at least, greatly 
reduced. The following experiments were, therefore, carried 
out on lines suggested by Dr. Willows. The apparatus was 
arranged as in Fig. 1. A is the bulb under examination, having a 
volume of about 200 cc. It is connected, through drying tubes, 
to a Toepler pump and M‘Leod gauge. The gas absorption 
was measured by the corresponding pressure change, the pump 
being cut off during the readings, in order to make this greater. 
The secondaries of a 6 in. induction coil were connected to a 


——>To Pump 


Coil WSS G A and Gauge 


spark-gap, G, consisting of two zinc balls of diameter 14 in. 
The width of the spark-gap was maintained constant through- 
out the experiments at about 3mm. ‘Two Leyden jars were 
connected to the spark-gap, and from these went a coil of 
insulated wire, of about eight turns, which was placed round 
the bulb A. A great increase in the potential was obtained by 
blowing out the spark in the gap G. This was effected by 
means of a motor-driven blast. A discharge, almost invisible 
without the blast, became brightly luminous when the spark 
was blown out, and also much steadier. 

The Leyden jars, spark-gap, &c., were insulated by standing 
on ebonite. The method of conducting an experiment was as 
follows :— 

The gas was pumped down to a low pressure by means of a 
Fleuss pump. The exhaustion was continued by the Toepler 
pump, testing at intervals to see if the discharge could pass. 
As soon as this stage was reached the pressure was noted and 


s 


9 
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the spark-gap cleaned and adjusted. The discharge was then 
passed for a known time (+ hour) and the final pressure noted. 
The absorption could then be calculated, knowing the volume 
of the apparatus. The bulb was then exhausted farther and 
another reading taken. The series was continued until 

stage was reached when the discharge would no longer pass. 
Tn no case could the discharge be made to pass at a higher 


20% 


10% 


4 5 6 7 8 9 10 11 cms, 
Fie. 2.—Sopa Guass. 


pressure than about 0-4 mm., or at a lower pressure than about 
004mm. After passing each discharge, the difference of 
pressure was caicuiated as a percentage of the mean pressure 
during the experiment. 

The first bulb experimented on was of soda glass. A series 
of readings was taken as explained above and the results 
plotted on a curve. Fig. 2 shows the first curve obtained. 


10% 


Fig. 3.—Bonrmra Guass. 


The ordinates are percentage absorptions, and the abscisse 
the mean pressure during that Se ee given in centimetres 
of the gauge. pe gauge read to ~4,, therefore 10cm. on the 
gauge represents 5! 7 “of a centimetre actual pressure. a 

Some fresh air was then admitted to the bulb and aNowed 
to stand over night todry. Another series of readings was then 
taken, and after this a third series. The curves are marked’ 
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respectively 1, 2,3. It will be seen that the absorption is less 
each time. The general shape of the curve remains the same 
in each case, but the whole is, as it were, shifted bodily along to 
the right, towards the region of higher pressures. The greatest 
absorption in the first experiment was 17 per cent. and in the 
last only 6 per cent. It seems, then, that the glass can be 
“tired” by continual working. The soda bulb was then 
replaced by one of Bohemia glass. The absorptions obtained 
with this were less than half those of the soda bulb. The 


10%; 


4 ie fepeneas, +0 sure 10) Apion: 
Fig. 4.—LEAD GLAss. 
a 

general shape of the curves (see Fig. 3) remains as before, the 
shift of the maximum towards the right again being noticeable. 
A lead glass bulb was next tried. The general shape of the 
curves was again the same, the magnitude of the effect being 

about the same as with Bohemia glass (Fig. 4). 
The last bulb used was of Jena glass. The absorption of air 
was of about the same magnitude as that of the lead and 


Bohemia bulbs (Fig. 5). 


4 5 6 7 8 9 10 °&Ilcms 


Fig. 5.—JmNA GLASS. 
It will be noticed that the “tiring” effect is not so great 
with the others as with the soda glass. The order of absorp- 
tion was thus: soda, lead, Bohemia, Jena, decreasing from 
first to last. 

The glasses were then laid aside for over two months, and 
the series was then repeated to see if they had recovered their 
power of absorption during this period. The results showed 
that the glass had recovered practically none of its absorptive 
power on standing. By the end of this second series of read- 
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ings the maximum absorption for the soda glass had decreased 
to 23 per cent., compared with an original 17 per cent. With 
the lead, Bohemia and Jena glasses similar results were 
obtained—z.e., in each case the glass is becoming “ saturated ” 
with the gas. At this stage it was noticed that the soda and 
lead glasses had each a peculiar deposit on the neck of the bulb. 
The layer was of a dark brownish colour and its thickness very 
shght—of the magnitude of the wave-length of light, as shown 
by the colours it exhibited. 

It was next decided to study the behaviour of hydrogen in 
the bulbs. If, during the above experiments, any chemical - 
actions have taken place, it is natural to expect that various 
oxidation products of the glass have been formed. With 
hydrogen we should expect corresponding reducing actions. 
Assuming a chemical change to have taken place, we might 
expect a large initial absorption of hydrogen, going to reduce 
the oxidation preducts formed during the air experiments. 
On the other hand, if the gas is held in the glass mechanically, 
when an equilibrium state has been reached with air we should 
expect that a nearly steady state has been established for any 
other gas. On these grounds it ought to be possible to decide 
between the two theories that have been advanced to account 
for the absorption. The soda bulb was put on again and filled 
with hydrogen and pumped out several times. As soon as the 
discharge was started the brown layer on the neck of the bulb 
gradually began to disappear. The first absorption of hydrogen 
was enormous, the pressure falling from 14-45 em. down to 
505m. on the gauge, giving 95 per cent. absorption, cal- 
culated as above. This absorption then rapidly fell off, and 
after four series became much the same as that for air. The 
lead bulb was then filled with hydrogen, and with this the first 
absorption was 76 per cent. Here, again, the layer on the neck 
disappeared. With Bohemia glass the first absorption was 
40 per cent., falling to. 10 per cent. The Jena glass, which 
gave the smallest absorption with oxygen, gave the smallest 
with hydrogen, the maximum being about 8 per cent. 

If, now, the hydrogen has reduced part of the oxidation 
products formed, it seems probable that it should have the 
effect of increasing the power of re-absorbing oxygen. To test 
this the bulbs were again filled with air, and. its absorption 
noted. In all cases the absorption was found ‘ta. have in- 
creased, although only with the Jena and Bohemia bulbs did ° 
it approach near to its original value. The curves are shown 
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in Figs.6 and 7. In each case curve | is the last series with air 
before hydrogen was used, and curve 2 is the series with air 
after hydrogen was used. 

Tn each case the hydrogen has had the effect of increasing the 
subsequent absorption of oxygen. 

To see if any electrostatic effects of the discharge come into 
play, the bulb was wrapped round with wet blotting paper 


A aa 


4 5 6 7 8 9 10. llcms, 
Fig. 6. 


Full line Curves=Soda. — 
Broken line Curves= Lead. 


and a series of absorptions taken. No difference in effects _ 
was obtained, however. 

It was also noted that some of the bulbs showed the “ after- 
glow ” effect well. It was also thought that, if there had been 
any bombardment of the glass by the discharge, the phe- 
nomena of “ thermo-luminescence,” described by Wiedmann 
and Schmidt,* might be obtained as in the case of bombard- 


5% 


Tine 


Full line Curves= Bohemia. 
Broken line Curves=Jena. 


ment by cathode rays. None of the bulbs, however, showed 
this effect. A review of the experiments shows that, in 
accordance with Willows’ results, Jena glass is the best glass 
for vacuum tubes, as it shows least absorption. Even with 
soda glass the pressure variations can be reduced by saturating 
the glass with gas before it is sealed off from the pump. All 
that is required is to run the tube for some hours and admit 


* Wiedemann and Schmidt, “ Wicd. Annal.,’”’ 59, 1895. 
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fresh gas until very little more is absorbed. Willows stated 
that Jena and lead glass absorb hydrogen to a less extent than 
air. This was found not to be the case, and his results are 
probably explained by the evolution of gas from his electrodes. 
The order of absorption with oxygen (air) gives soda, lead, 
Bohemia and Jena, and the same order holds for hydrogen. 

To summarise : It seems most probable that the absorption 
is chiefly of a chemical nature. That some chemical changes 
are present is shown by the deposits oa the necks of the bulbs. 
Thus, the deposit on the soda glass caused by air was removed 
by the hydrogen. A brown deposit on the Bohemia and lead 
glass likewise disappeared with hydrogen. With the Jena 
glass a slight colouration was given by oxygen, but with 
hydrogen a distinct black ring was formed which gradually 
diffused along the tube. Again, Strutt has shown that even 
nitrogen becomes unusually active in the discharge. These 
deposits, unfortunately, are too slight for chemical analysis, 
but they may be modifications of the alkalis in the glass. The 
absorption of the active gas hydrogen is much greater than 
that of oxygen, and the various glasses keep the same order 
of absorption with both gases. 

Soddy and Mackenzie* obtained correspondingly small 
absorptions with the inert gases, and their experiments also 
tend to negative the mechanical theory of the absorption. 
It is, however, extremely difficult to devise a crucial experl- 
ment to definitely decide the cause of the absorption, and there 
!s room for much more work on the subject. 

In conclusion, I offer my best thanks to Dr. Willows for 
valuable guidance and suggestions during the ex periments. 

Cass Iysritute, E.C. 
ABSTRACT. 

This Paper is an account of experiments carried out to determine 
whether the absorption of gases caused by passing a discharge for 
some time through vacuum tubes is the result of a chemical action or 
is a mere physical absorption. In order to eliminate all electrode 
complications, the electrodeless discharge was used throughout. The 
bulbs examined were of soda, lead, Bohemia and Jena glass. The 
absorptions were noted at different pressures and curves plotted. 
Continued passage of a discharge causes a ‘saturation ” effect in all 
the glasses. After two months none of the bulbs had recovered any 
of their absorptive power. If the action is chemical it is natural to 
expect various oxidation products to have been formed. . esting 
these bulbs with hydrogen we should expect a large initial absexption 
going to reduce these products. This was found to be the case for all 


* Soddy and Mackenzie, Joc. cit, 
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the bulbs, the first reading for the soda glass giving 95 per cent. 
absorption of hydrogen. Having now reduced the oxidation pro- 
ducts we should expect a reabsorption of oxygen under the discharge. 
This was also found to be the case. The series of readings show great 
regularity, the order of absorption for oxygen holding also for hydro- 
gen. That chemical actions are present is shown by peculiar 
deposits on the necks of the bulbs, these being unfortunately too 
small for analysis. The inert gases show correspondingly small 
absorption,as shown by Soddy and Mackenzie, and therefore the 
conclusion is that the disappearance is not due to physical absorp- 
tion, but to definite chemical action. 


DISCUSSION. 


Dr. R. S. Wittows mentioned the fact that the inert gases, like argon 
and helium, also disappeared on running the discharge, but this might be 
due to their being carried down by the cathode deposit. He had known 
a case of a hydrogen vacuum tube made of lead glass and provided with 
outside electrodes that was used as a detector for high-frequency oscilla- 
tions, which failed to work after long continuous running, owing to the 
disappearance of the hydrogen, but worked again if the tube was left of 
one side for a week. 

Mr. CO. E. S. Parnires thought the electrodes played an important part 
in the diminution of pressure on working. Mr. Hill’s results seem to 
indicate that the glass may become aged. It might be possible to age the 
glass for X-ray bulbs artificially. The constant change in hardness of 
X-rays owing to the change of pressure was a most serious drawback 
especially in medical work, where it was holding back the progress of the 
applications of X-rays to medicine. 

Dr. G. W. C. Kaye remarked that in X-ray bulbs the spluttering of the 
cathode absorbed the gas. Campbell Swinton found some years ago that 
by heating the walls of a vacuum tube small bubbles of gas were given off, 
which was mostly hydrogen, and found that they came from distances up 
to 0-15 mm. below the surface. Ramsay and Collie had recently found 
helium to be evolved in a similar case. It was difficult to explain these 
results on the penetration theory, as the charged atoms would not pene- 
trate the thinnest aluminium foil. This theory also does not explain the 
differences in behaviour of different kinds of glass. The results may be 
due to chemical activity excited in the gas by the discharge, such as has 
recently been found by Prof. Strutt to be the case with nitrogen. Abling: 
violet coloration often noted in the glass of vacuum tubes was due to a sub- 
oxide of sodium. He suggested Mr. Hill experimented with silica bulbs. 

Mr. A. A. CAMPBELL SwrinTon contributed the following remarks: Mr. 
Hill alludes to my Paper published in the ‘“‘ Proceedings ” of the Royal 
Society, Series A, Vol. LXXIX., 1907, but does not seem to be aware of 
my further Paper in the ‘“‘ Proceedings” of the Royal Society, Series A, 
Vol. LXXXL., 1908, in which the criticisms of Soddy and Mackenzie and 
of others are dealt with. In Mr. Soddy’s experiments, as also in those 
of Mr. Hill, forms of clectric discharge were employed with which the 
amount of heat communicated to the glass would be very great as com- 
pared with the amount of cathode-ray bombardment; whereas, in the 
arrangements adopted in my experiments, the converse was the case. 
Consequently, 1 do not think that the cause of the absorption of gas is 
necessarily at all the same in the one case as in the other, particularly as 
ia my crucial experiment I used helium, which does not combine chemic- 
ally with anything at ordinary temperatures. 

The Auruor remarked that he would be glad to carry out the experi- 
ments suggested. 


- 
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IV. On a Method of Measuring the Thomson Effect. By 
H. Repmayne Nerrieton, B.Sc., Assistant Lecturer in 
Physics at Birkbeck College. 


Recelvep Ocroper 8, 1912. Reav NovemBER 8, 1912. 


. Introduction. 

. Theory of Method. 

. Description of Apparatus. 

. Practice of Method. 

. Results of Experiment. 

. Discussion of Methcd and Results. 


1. Introduction. 


(a) When a current of electricity passes down a conductor in 
which a temperature gradient is maintained, the stationary 
value of the temperature at any place is dependent to a small 
extent on the direction of the current, for heat is evolved or 
absorbed. in accordance with the Thomson effect, 

Lord Kelvin expressed the relation between the heat evolved 
or absorbed, the temperature gradient and the current in the 
form dQ=Cc - dO, where dQ is the heat evolved or absorbed per 
second by a current, C, in passing between two sections differ- 
ing in temperature by dO. The quantity « which may thus be 
measured in calories per 1°C. per ampere-second is called the 
specific heat of electricity. 

Relative values of the Thomson effect in different metals 
have been obtained by Le Roux,* Trowbridge and Penrose,} 
and Battelli,t the last named experimenter indeed attempting 
to obtain an absolute value by measuring directly the heat 
produced by the effect in a given time in a definite portion of a 
bar under temperature gradient. It must be remembered, 
however, that the heat produced by the effect at once spreads 
down the conductor and influences the quantity of heat propa- 
gated by conductivity, time being required for a steady state to 
be obtained, and it can be shown that, besides the intrinsic 
difficulty of measuring directly such a small quantity of heat as 
that produced by the effect, Battelli’s method does not fall 
: 2) 


ve 
* Le Roux, “ Ann. de Chimie et de Phys.,” X., p. 258 (1867). 
7 Trowbridge and Penrose, “ Phil. Mag.,” 3 Ser., Vol. XIV., p. 440, 1882. 
{ Battelli, “ Accad. delle Sei, di Torino, Atti,” Vol. XXIL., p. 548, 1887. 
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into harmony with the differential equation of distribution of 
temperature down a bar conveying an electric current—an 
equation first obtained by Verdet and given in his “ Theorie 
Méchanique de la Chaleur.” Haga* has devised a method, 
very general in its application, by which the specific heat of 
electricity can be obtained in absolute measure by comparing 
the change of temperature at a point when a current flowing 
down a conductor under temperature gradient is reversed with 
the rise in temperature produced by a current when the con- 
ductor is at uniform temperature throughout. Absolute 
measurements of the Thomson effect based on this method or 
on modifications of it have been made by Laws,t Lecher,* 
Schoute,§ Berg,|| and Aalderink,4] while Callendar has devised a 
method based conjointly on Verdet’s equation and the variation 
of electrical resistance with temperature which has been suc- 
cessfully carried out by King.** 

The object of the present communication is to show: (a) 
That the medification of temperature gradient due to the heat 
produced or absorbed by the Thomson effect in a conductor of 
uniform cross-section passing through two constant tempera- 
ture sources is exactly similar to the modification of gradient 
which would be produced by a definite slow uniform movement 
of the conductor itself in the proper direction. 

(b) That for exact similarity of disturbance of gradient by 
impressed velocity and Thomson effect respectively—or for 
exact neutralisation—the following simple relationship holds : 


Current of electricity in amperes Specific heat of electricity. 
Material flow of conductor in Specific heat of material of 
grammes per second. conductor. 


(c) That by working in the following manner the impressed 
_ velocity method may be applied to mercury to measure the 
absolute value of the specific heat of electricity, however large 
the Joule effect may be or whatever the emissivity loss :— 


1. A current of C amperes is passed down a column of mer- 
cury heated at the top and maintained cold at the bottom. A 


* Haga,“ Ann. de P Ecole Polyt. de Delft,” I., p.145, 1885; III., p. 43 
886. 
; + Laws, “ Phil. Mag.,” Vol. VII., p. 560, 1904. 
+ Lecher, “ Ann. d. Physik,” XIX., p. 853-867, 1906. 
§ Schoute, “ Archives Néerlandaises,” Série IT., p. 175, 1907. 
| Berg, “ Ann. d. Physik,” XXXUL-XXXIIL, pp. 477-519, June, 1910. 
q Aalderink, ‘“ Archives Nécrlandaises,” Série IL., p. 321, 1910. 
** King, Amer. Acad., Proc., XXXUIL., p. 353, 1893. 
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thermo-junction at a point near the middle of the gradient 
registers the temperature. On reversing the current the tem- 
perature is slightly raised, say, by A0,. 

2. The current being still maintained (reversed) to keep the 
Joule effect and emissivity constant, a flow of mercury of, say, 
m grams per second is started up the tube, the temperature 
falling when the steady state is attained by AQ,. 

It can then be shown that : 

2Cr_ AO, 
ms AG, 
and so @ is easily calculated. 

The ratio of the two temperature changes can easily be made 
the ratio of two galvanometer deflections. By the use of two 
vertical columns in the form of an inverted U the sensitiveness 
is increased and the thermo-electric work is much simplified. 


2. Theory of the Method. 
Consider a vertical column of mercury flowing down a 
uniform glass-tube, heated at the top and cold at the bottom. 
The flow is very slow, so that the temperature changes produced 


| Hot 
Enclosure 


Be onur 


| 


Fires: 


by it are very small, and the character ‘of the isothermals is not 
appreciably altered by it, in which case it is immaterial whether 
the flow is parabolic or otherwise.* A current C ‘amperes is 
also passing down the column. i alts 


*Nettk ton, “Phil. Mag.,” p. 590, April, 1910. 
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Let K=thermal conductivity of mercury. 
~ s==specific heat of mercury. 
o«=specific heat of electricity in mercury. 
A=cross-section of the tube. 
Let m=mass of mercury crossing a section of the tube per 
second. . 
The heat which enters per second a small prism fixed in space 
of depth 6% and temperature 0 is :— 


do 


dx 
(6) Joule effect heat. If S=specific resistance of mercury, 
and a be the temperature coefficient of resistance, the resistance 
of the prism=S(1-+a0)dz/A ; so if J is the number of joules 
equal to a calorie the heat produced in this way 


(a) Due to conductivity —KA 


C'S 0) 
=a, (14-48) 7 
(c) Thomson effect heat-=— Coo” bx 


(x is assumed to be positive). 
(d) Flow effect heat=ms0. 
The heat leaving the prism per second is :— 
; oe d doe. 
(a) Due to conductivity —KA 7 (O+ Ou le ) 


XL 


(b) Flow effect heat =ms(0 | da. zy 


(c’ Due to emissivity =Ep(—6))da, 
where 6,=temperature of the enclosure, 
p=perimeter of tube, 
E=Newtonian coefficient of emissivity. 
Equating the heat entering to the heat leaving, we obtain 
the differential equation pertaining to the steady state, which 
may conveniently be written— 


___ (Co-+-ms) 
where Ua eal 
1 fC’Sa 
baal ja 2]: 
CS 
c= al gat Beh] 
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If all temperatures be reckoned from the cold source as zero, 
6, be the temperature of the hot source, and L the distance 
between the sources that is the entire length of the temperature- 
gradient, the temperature 0 at a distance w from the higher 
source is given by the following general solution :— 


ax a(*v—L) 
o—=<| & zsinhd(a—L)—e 2 peat 
2p sinh 2L 


0,e® sinh PSNI ce 


5) 


sinh AL ~ b 
—_ 
where pve = 
Di 
If now we assume that the Thomson effect and flow effect 
ax al 


are so small that the terms 5 
unity—and this condition is adhered to throughout the experi- 
ment—we may without making any approximation as to the 
magnitude of the “6b” and “c” terms of the differential 
equation write the solution in the form, 


6=aF(6,, x, L, b, c)+/(0,, x, L, 6, c), 
or more shortly 


“g are small compared with 


6=aF +f, 


where F and / are functions of 0,, 7, L, b, c, but not of the “a” 
term in the differential equation. 

This solution forms the basis of the method the values of 
F and / not being required as long as they are kept constant 
throughout. In general F and f are complex, but if it be 
assumed in addition that the emissivity loss is small and that 


9 


2 


bL?. ; : 
consequently the term g 18 small compared with unity a most 


useful solution may be obtained. 


rs Ae ee ax a—L\ ba(2L—z) 
omon( 5-1) +0(5—1)( ae 


+5 — 22) ca(x—L)+-foe(x—L). 


~ 


» 


This solution is most useful in showing the efféct.of the = 6 
and “c” terms, and in estimating the rise of temperature at a 
point due to reversing a current or due to superimposing a flow. 
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Case of Two Parallel Tubes. 


Consider two parallel tubes, A and B, through which thermo- 
junctions are inserted near the middle of the respective gra- 
dients. 

The temperature at “a” when a current is passing down the 
tube is given by 6=aF-+/, and at “ B ” likewise when a current 
or flow is passing down by 6’=a’R’+-/’. When a current is 


Fig, 2: 


passing down A it will be passing up B, and hence if yu is the 
ratio of the cross-section of A to the cross-section of B, for all 
values of current and flow we have 


a =— pa. 


We may now easily express the difference of temperature 
between “oa” and “6” for the following three cases, making 
use of the suffixes c, v to indicate respectively an electric 
current or flow of mercury down A and hence up B. 


of Electric 


Difference of Temperature 


Fiice Blow. Temperature of a, Temperature of B. besyecn a onde, 

(1) . . 
ent down| 0 =acF+f W_¢ =—pack’ +f" Ade =a-(F+puF’)+f—-f 
nd upto B 


ent up A| 0-, =—acF+f Oe =ack +f 


ent up A} Oy_¢= dy—a)E +f | 0 »v+¢e=M(— cv + ae)E’ +f’ 


Ao_¢ =—a(F + ul’) +f—f’ 


AOy~° = (ty — Ge) B+ wE’) + f—7’ 


VOL. XXYV. 
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Now, A0,— A@_, is measured directly by the deflection of the 
galvanometer spot on the scale; call this deflection d ; it is 
the deflection due to reversing the current. 

Similarly, A0,“— A@_, is the deflection caused by super- 
imposing a flow on the reversed current ; call this deflection d,. 


Then d,=2a,(¥+-yF’) 
and . d,=a,(F+,F"), 
and hence i 

d, @ ™s 
Som 
or OF x Re Ge 


Tn each experiment several values of d, and of m/d, are found, 
and the mean of each set used in the calculation for o, 


3. Description of Apparatus. 


The apparatus, which has been greatly modified during the 
progress of the research, will be seen on reference to Fig. 3 
to consist essentially of two parallel glass experimental tubes 
T,, T,, clamped at their lower ends within the large zinc vessel 
V, and passing above into an annular heater, A, near the top of 
which they are joined by an inverted U piece. The left-hand 
tube T, is joined below by wide pressure tubing to the glass 
head H, while the right-hand tube T, is similarly connected to ° 
the glass bulb tube B, and thence by narrow pressure tubing 
to the system of capillaries, which form the flow resistance. 
The mercury, which fills the apparatus, may be made to convey 
an electric current, which enters by the head H, and leaves the 
bulb tube B by eight platinum wires fused through the glass and 
dipping below into the mercury reservoir D. By releasing the 
pinch cock F, the mercury may be caused to flow slowly from 
the head H, through the apparatus and the attached capillaries. 
When the vessel V is full of cold water, and steam is circulating 
through the annular space of the heater A, a temperature 
gradient, about 8 cms. iong, is obtained in the middle of the 
experimental tubes T, and T,, temperature changes near the 
middle of each gradient being measured by the thermo-june- 
tions T,,, T,., of iron and constantan sealed through the glass 
tubes. bint a. : 

The following is the method of preparing and mounting the 
experimental tubes, great care being taken in the insertion 
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and insulation of the thermo-junctions. A cane of glass, as 
uniform in cross-section as possible, the internal diameter 
being just under 7 mm. and the external diameter about 1 cm., 
was divided into four parts. Two of the parts were prepared, 
-. a8 shown in Fig. 4, by Messrs. A. C. Cossor, Ltd., the iron 
I] | 


{1 FROM 
BOILER 


Coin 


Hh 


N SYS Stic 


IRON 
Ts Ty = 
1-7 CONSTANTAN, Fa 


IRON 


~ TO CAPILLARY 
} B VS 


‘Fic. 3. 
and constantan wire being passed through glass beads, the 
junction formed, and the insertion effected with a minimum 
upset of internal cross-section. The wires were in the same 
vertical plane, the junction being about 3-5cms. from the 
nearer end of the tube and some 25 cms. from the further end. 
D2 


o 
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Several such tubes have at different periods been supplied to 
the author, and the glass work brought to such perfection that 
in the tubes used in the present apparatus internal distortion 
was hardly visible. The next procedure was the insulation of 
the wires within the tubes, which was effected first with a 
thin layer of black club enamel, which flows very easily, and 
then, after drying with hot air, with a coating of red household 
hard enamel, use being made of a very fine camel-hair brush. 
Practice was required before neat insulation could be carried 
out and rough or unsuccessful coatings of enamel could easily 
be dissolved away by ether. The tubes, after thorough drying, 


(-p-9-o— 00808 


Fie. 4. 

were returned to the glass-blower, who skilfully jomed on the 
top portions with inappreciable disturbance and without 
affecting the insulation. The pressure tubing and corks M,, ,, 
M., ”, were then put .on the experimental tubes, which were 
also passed through the loose holes of the large cork 8. Both 
tubes being held vertically, they were adjusted relatively to 
one another until the thermo-junctions were as nearly as 
possible in the same horizontal line : thus fixed by the double 
clamp C they were returned to the glassblower to be joined 
together by a U piece. ; 

The apparatus was now filled with mercury, which had been 
distilled and purified by falling in fine drops through dilute 
nitric acid, and the clamp holding the tubes was then itself 
clamped at a convenient height on the firm iron upright fixed 
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within the zinc vessel V. The annular heater was now lowered 
down its supporting pillars P,, P,, towards the cork 8, which 
could easily be made to fit it by adjusting the position of the 
outer vessel X and its contents. The heater and cork “8” 
were then lowered to the final position, the corks n,, n, being 
brought up against the cork S, and closing the space above to 
air currents. Cotton wool was carefully wound round the tubes 
between the corks as well as round the annular heater, under- 
neath which were soldered concentric strips of gauze forming 
a hold for cotton wool, which could be packed into the spaces 
lying between them and the outside of the cork S. The vessel 
V was filled with cold water up to the middle of the corks 
M,, M,, which had previously been boiled in paraffin wax. 
By covering the water with a layer of Fleuss-pump oil its 
evaporation into the cotton wool above was prevented. 

The two constantan wires were joined together at W, and the 
two iron wires lead away to the copper leads shown in the 
diagram, the junctions of copper and iron being side by side in 
two glass tubes J, J, immersed in water in the Newton annular 
cooling calorimeter R. The ends Cn, Fe,, Fe, of the wires were 
of use only when the actual temperature of the junction T,,, 
T,. were required. The iron constantan couple has not only 
the merit of being suitable for fusing through glass, but also 
possesses a remarkably high thermo-electric power—some 
50 microvolts per degree centigrade—the relation between 
electromotive force and temperature being for the range 
0°—100°C. strictly linear. 

The galvanometer was a quartz fibre mirror instrument of 
the Broca type, the equivalent resistance of the two coils in 
parallel being 8-28 ohms, and the sensitiveness such that a 
micro-ampere produced about 11 cms. deflection on the scale 
distant nearly 2 metres from the mirror. The resistance of the 
rest of the circuit was 1-18 ohms, and a degree alteration in 
difference of temperature between the thermo-junctions was 
represented by 60 cms. deflection. There was no movement 
of the galvanometer mirror on quickly reversing a current of 
8 amperes whether the galvanometer circuit was open, closed, 
or short-circuited, thus showing both that the instrument was 
sufficiently far away from the experimental tubes to render 
magnetic disturbance negligible, and that the insulation of the 
thermo-junctions was satisfactory. 

An operation of importance is the*adjustment, when steam 
is passing through the heater of the thermo-junctions T;,, T;., 
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to the same temperature, so that when the galvanometer 
circuit is closed the line of light is suitably situated on the scale. 
It was anticipated that this would be troublesome, and earlier 
apparatus was so designed that each experimental tube could 
be raised or lowered relatively to the other Experience showed, 
however, that this was absolutely unnecessary, for if the junc- 
tions were set by eye to be as nearly as possible in the same 
horizontal line, the fine adjustment could easily be made by 
reducing the emissivity loss on one tube or the other by the 
addition of a small piece or two of cotton wool, inserted with 
the aid of a knife or prong, to that already round the tubes 
between the corks. This method of adjustment is not only 
convenient, but also brings out most clearly the need for com- 
plete firmness and rest of the wool during an experiment, 
emphasising the necessity for protection from draughts, con- 
vection eddies and vibration. : 

The currents used during the research varied from 4 to 
9 amperes, and were derived from the 100-volt mains in series 
with which were a woven-wire resistance with six steps, a 
0-20 ohm rheostat in 40 steps, a standard +4, ohm resistance, a 
hot-wire ammeter, and the reversing commutator and main 
apparatus. In multiple arc with the woven-wire resistance 
were a water resistance and 0-1 Weston ammeter, the water 
resistance in which the distance between the zine electrodes 
could be varied forming a most suitable fine adjustment for 
the current in the main circuit. During the night the current 
from the mains was much steadier than during the day, but 
prior to any reading the current was for some time closely 
watched and regulated if necessary by the water rheostat. 

It remains to describe the method of obtaining a constant 
flow, which will cause temperature changes of the same order 
as those produced by reversing a current of 5 or 6 amperes. 
Calculation shows that a flow of 1 gram per hour is about the 
equivalent of reversing 3 amperes, while before it was decided 
to proceed with the method, preliminary experiments made 
two years ago showed that flows of mercury of about 2 grams 
per hour could be obtained constant to 1 per cent. without 
any special precautions. Most of the flows used in the appa- 
ratus described were as large as 3-5 grams per hour and, at 
least, constant to one part in 150, but, what is more important, 
the ratios mean flow to galvanometer deflection produced by the 
flow were at least constant to 2 per cent., which is as-high an . 
accuracy as can be obtained in the value of the galvanometer . 
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deflections produced by current reversals. It is interesting 
to note that an outflow of 5 grams per hour, which is faster than 
any used in the research, would roughtly mean a linear velocity 
through the experimental tubes of about lem. per hour. 
The flows then being very small, it is unnecessary to maintain 
a constant head by any overflow arrangement, but the head 
tube H was allowed a width of about 5cms. ‘The resistance 
consisted of about 2 metres of thick-walled thermometer tubing 
of fine bore, on to which was joined by pressure tubing a piece 
of ordinary glass tubing drawn out into a very fine capillary 
over a metre long. The last and finest portion of this capillary 
lay on a wocden inclined plane, by altering the inclination of 
which the value of the flow could be medificd. The drop 
period varied from about 4 to 8 seconds, according to the mag- 
nitude of the flow which was measured, as described in the next 
section. 


4. Practice of the Method. 


An experiment was usually started between three and four’ 
o’clock in the afternoon by preparing the boiler and starting 
the flow of steam through the annular heater. The current 
was started after steam had been passing for an hour, and after 
another hour the short-circuit plug of the galvanometer key was 
removed and the position of the line of light on the galvano- 
meter scale examined and modified, if need be, by the addition 
of a little piece of cotton wool to one side or other of the sur- 
roundings of the experimental tubes. Even after the attain- 
ment of the steady state the galvanometer needle still showed 
signs of irregular movement, but towards 10 at night the deflec- 
tion became much steadier, and it was possible to proceed with 
the experiment. This “zero movement” has caused the 
author, and many other experimenters on the Thomson effect, 
the greatest trouble ; in earlier apparatus used in the research 
it was large and progressive, and was attributed in part to the 
warping of wood which supported the annular heater and glass 
tubes. In the present apparatus the supports were all very 
stable; convection currents from the heater were allayed by the 
free use of cotton wool, and humidity changes within the wool 
were prevented by covering the water in the cooling tank with 
a layer of Fleuss pump oil. So great was the improvement 
brought about by the modification of the apparatus and by 
working at night that often, though not always, the needle 
would behave almost perfectly, good behaviour being illus- 
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trated by the reversal readings of Experiment IV., given in the 
next section, and relatively bad behaviour by the reversals of 
Hixperiment VI. 

The deflection having become steady, the statical part of the 
experiment or “ the reversals’ was proceeded with as follows : 
The needle of the ammeter in the main circuit was maintained 
by the water resistance in one of the branch circuits accurately 
on the current reading chosen, which was always an exact 
number of amperes, for some 10 or 15 minutes prior to taking 
the galvanometer deflection. When this had been read the 
commutator was reversed and the new steady state waited 
for—a period of about 35 minutes, during the last 10 of which 
the movement was very little. A uniform period of 40 minutes 
was allowed between each reversal, the current being closely 
regulated for 10 minutes before each reading. The deflections 
due to reversing the current were then found by subtracting 
the mean of two consecutive readings with the current in the 
same direction from the intermediate reading with the current 
in the opposite direction. 

Sufficient reversal readings having been obtained, and the 
current being in the direction causing the line of light to lie 
on the right-hand side of the scale, the dynamical or flow part 
of the experiment was proceeded with by observing the deflec- 
tion as before, short-circuiting the galvanometer, and releasing 
the pinch-cock whereby a flow of mercury through the appa- 
ratus could be started. The release of the compressed pressure- 
tubing evidently caused a momentary outrush of mercury, for, 
unless the galvanometer was short-circuited, the line of light 
was thrown off the scale towards the left. For this same 
reason, too, the velocity of the mercury was not measured 
until the flow had settled down. 

The method of obtaining the flow readings and flow magnitude 
is best illustrated by an example :—In Experiment I. the last 
reversal reading was at 1:0a.m., when the deflection was 
9-75 to the right. The galvanometer was at once short-cir- 
cuited and the pinch-cock released very small drops of mercury 
commencing to fall from the end of the fine capillary. By 
1-15 it was safe to re-open the galvanometer circuit, the line 
of light being on the scale, but well to the left. At 1-25 the 
measurement of flow was commenced, a weighed watch-glass 
being placed under the end of the capillary as soon as the first 
drop after 1-25 had fallen. Meanwhile the deflettionShad - 
approached a steady value, which, after 10 minutes watching - 
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of the current, was read immediately after 1-42 as 19-7 to the 
left ; the galvanometer was then short-circuited. The watch- 
glass was then carefully removed the moment the first drop 
after 1-45 had fallen, and the pinch-cock was then at once 
screwed up tightly. After 2 o’clock the galvanometer circuit 
was opened, and the final reading taken at 2-25, after steadying 
the current, was 10-0 to the right. The intervals between 
galvanometer readings were thus practically equal, and the mean 
of 9-75 and 10-0 added to 19-7 gave the flow deflection 29-58 
corrected for zero change. This was now divided into 1-0674, 
the number of grammes of mercury outflowing in the 20 minutes, 
the values of M/d in the tables below thus being obtained. 
The above process was repeated, usually three times, using flows 
of different value, the modification of flow being easily effected 
by raising or lowering the inclined plane on which the end por- 
tion of the fine capillary rested. 

That different values of M/d should be obtained on different 
days is only to be expected from the theory which shows that 
it will depend slightly on the current and emissivity alterations, 
but more largely and directly on the difference of temperature 
between the hot and cold sources. Similarly, in the statical 
experiment the ratio C/d is only theoretically and practically 
an approximate constant. Any change, however, which affects 
the ratio M/d will equally affect the ratio C/d, so that changes 
of temperature in the room would in no way impair the accu- 
racy of the values obtained, provided the second part of the 
experiment follows on immediately after the first. 

At the conclusion of the flow portion of the experiment the 
actual temperature of each thermo-junction was found by 
balancing its electromotive force against that of a similar 
junction tied to a good standardised thermometer immersed 
in hot water in a long cylindrical vacuum vessel. 

The actual current values taken were not based on the read- 
ings of the hot-wire ammeter but on the electromotive force 
across the standard 740 ohm resistance as measured on a Paul 
millivoltmeter, which could not always be spared from the 
laboratory until late in the evening. This millivoltmeter was 
most carefully calibrated, both before and after the series of 
six experiemnts, on a Crompton potentiometer against a new 
Weston cell, which agreed to one part in 400 with an older 
Clark cell. 

The only other value required before calculating the value 
of c is s the specific heat of mercury. _ This is taken as 0-03294, 
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which is Barnes* value at 62°C. and which agrees very closely 
with the value given by Winkelmann. 


The first table given is a verification of the equation 0=alF'-+ f 
for flows, and shows that they are small enough to permit of the 


5. Results of Haperments. 


one approximation made in the theory of the method. 


Galvanometcr | Mean deflection|Mass outflowing : 
oe readings. d. in 20 min. M. Me 
9-55 19-55 
10:37 ||) 22-2 40-58 1-4885 0-0367 
11-20 17-2 
12-2 21-5 38-70 14194 0-0367 
12-45 17-2 
T27 i 115:0 32-43 1-2024 0-0371 
2-10 17-65 
2-52 6:3 24-15 0-8884 0-0368 
3°35 18-05 
4-17 6-45 24-78 0-8984 0-0363 
5:0 18-60 
5-42 2-65, 21:75 0:7978 0-0367 
6-25 19-60 
Wey 9-45 28-88 1-0682 0-0370 
7-50 19-25 


In this experiment, which proves that the flow of mercury 
is proportional to the temperature change it produces, no 


electric current was running. 


The results of six consecutive experiments using differing 


currents are now given :— 
Experiment I. 


Date June 12-13, 1912. 


Temperature of thermo-junctions, 60-2°C. 
Magnitude of current, 6-24 amperes. 


TasuEe A.—Reversale. 
Se Tere ste ope ay ee IC Deflection 

Hour Galvanometer readings. di. ue to verernl ore 

7:0 9:3 

7-40 10:25 19-20 

8-20 8:6 18:93 

9-0 10-4 19-30 

9-40 9.2 19:35 
10:20 9-9 19-08 
11-0 9-15 19-10 
11-40 10-0 19-15 
12:20 9-15 19-03 * 

10 9-75 ‘ 


Mean value of d,=19°14. 
* Barnes, Brit. Assoc. Report, p. 530, 1902. 
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TasLE B.—Plows. 


Mass M outflowing 


Galvanometer ; 
Hour. tee Deflection. OOS, M/d. 
1-0 9-75 
1-42 | 19-7 29-58 1-0674 0-0361 
2-25 10-0 
3-7 9-4 20-20 0-7248 0:0359 
3:50 EGS 
4:32 | 21-4 32-8 11552 90-0352 
5-15 11:2 
5-57 | 19-85 30-95 1-1080 0-0358 
6:40 11-0 
Mean value of M/d=0°0357[5. 
ane 0.03294 19-14. 0-03575 
c= : 
2 6-24 1200 
=0-00000151. 
Experiment IT. 
Date June 14th and L5th. 
Temperature of thermo-junctions, 61-4°C. 
Magnitude of current, 7-24 amperes. 
* TaBLE A.—Reversals. : 
, nh Deflection 
Hour. Galvanometer readings. dg due to reversal of current: 
11-15 16-1 
11:55 6°75 22-70 
12-35 15-8 22-43 
1-15 6-50 22-40 
1-55 16-0 22-50 
2:35 6-50 22-68 
3°15 16-35 
) 
Mean value of d,=22°54. 
, TaBiLEe B.—Flows. 
Galvanometer | . Mass M outflowing 
Hour readings, Deflection. RSE Oh M/d. 
Height of capil- 
lary tube altered 
by accident. | Not taken. Not weighed. 
4-40 17-45 
5:22 | 13-0 30-58 1-0707 0-0350 
6-5 17-70 
6-47 | 13:25 31-18 11005 0-0353 
7-30 18-15 
8-12 | 12-10 30-25 10810 0-0357 
8-55 18:15 
9-37 | 12-85 30-93 1-0855 0:0351 
10-20 18-0 


Mean value M/d=0°0353. 
whence c=0-00000151. 
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Experiment III. 
Date June 18th and 19th. — 
Temperature of thermo-junctions, 63-7°C. 
Magnitude of current, 8-25 amperes. 
TasLE A.—Reversals. 
Cart Deflection 
Hour Galvanometer readings. deduce to tevemaliohonmeae 
10-10 10-1 
10-50 16-2 26:13 
11-30 9-75 25-85 
12-10 16-0 20: 12 
12-50 9:75 25-80 
1:30 16-1 26-00 
2-10 10-05 26-10 
2-50 16-0 
Mean value of d,=25°94. 
TasBiE B.—Flows. 
Galvanometer : Mass M outflowing 
Hour readings. Deflection. OOS M/d. 
4-15 17-5 
4-47 | 19-15 36:6 1-3044 0-0356 
5-40 17-4 
C22 2-85 30-6 1:0908 0:0356 
7:5 18-1 
7-47 | 13:9 31-8 1-1392 0-0358 
8:30 7-7 
9:12 | 14:4 32°4 1:1703 0-0361 
9-55 18-3 


whence o =0-00000155. 


Mean value of M/d=0°0358. 


Experiment IV. 


Date June 21st and 22nd. 
Temperature of thermo-junctions, 61-3°C. 
Current, 5-12 amperes. 


TasiEe A.— Reversals. 


Hour. 


&alvanometer readings. 


10-0 
10-40 
1].-20 
12:0 
12-40 
1-20 
2:0 


Deflection 


d, due to reversal of current. 


16°65 
16:65 
16:45 


16-65 


15-60 
15-55 
15:60 
15:50, 
15-60 


Mean value of dg=15'57. 
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Taste B.—Flows. 


Galvanometer ° Mass M out ing 

Hour. unre Deflection. ce Pt ng M/d. 
2-0 16-65 
2-42 5:3 22-25 0:8091 0-0364 
3°25 17:25 
4:7 6:9 (23°53 0-8586 0-0365 
4-50 17:8 
5:32 | 13:95 31-9 1-1653 0-0365 
6:15 Ikea 
6:57 | 14-65 32:68 12055 0:0369 
7:40 17:95 


Mean value of M/d=0.0366. 
whence 7=0-00000153. 
Expervment V, 

Date, June 26th and 27th. 


Temperature of thermo-junctions, 60-6. 
Magnitude of current, 4-10 amperes. 


Tasie A.—Reversals. 


ag pee Deflection 
Hour. Galvanometer readings. d, due to reversal of current. 
11-10 17:85 
11-50 5-45 12-28 
1230 17-6 ee 
1-10 5-30 12:30 
1-50 17-6 12-20 
2.20 5-5 12:33 
3-10 18-05 


Mean value of dpe=12.26[6. 


Taste B.—Plows. 


1 ¢ © C La 3° ry oO 
Hour. ae Deflection, | Mass M outlowing M/d. 

3-10 18-05 

352 | 92 27-98 1-0351 0-0370 
4-35 19-5 

B17 | 21:3 40-44 1-5128 0-0374 
6-0 18-78 

6-45 | 18-2 37-14 1:3953 0-0376 
7:25 | 19-1" | 

8-3 | 19-65 33-45 1-4435 0-0375 
8-50 18-5 


Mean value of M/d=0.0374, 
whence 7=0-00000154. 
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Hapervment VI. 
Date, June 28th and 29th. 
Temperature of thermo-junction, 67-5°C. 
Magnitude of current, 9-26 amperes. 


TaBLEe A.—Reversals. 


; Deflection 
Hour. Galvanometer readings. d- due to reversal of current. 

9-10 9-4 : 

9-50 19-0 28-95 
10-30 10:5 29-32 
11-10 18-63 29-16 
11-50 10-55 29-44 
12-30 19> 15. 29-38 

1-10 9-90. 29-48 

1-50 20-0 29-33 

2°30 8:75 28°95 

3°10 20:4 


Mean value of dj=2)-25. 


The zero movement was worse than usual at night. 
TABLE B.—Flows. 


Galvanometer : Mass M outflowing 

Hour. readings. Deflection. in DON M/d. 
3°10 20-4. 
3°52 | 13:45 34:85 1-:2815 0-0367[ 7 
4:35 22-4 
5:17 | 16-95 39-29 1-4426 0-0367[ 2 
6:0 22:28 
6-42 | 18-58 41:32 15220 0-0368[3 | 
7:25 23-2 
8-7 16-0 38:98 1-4295 0-0365[7 
8-50 22-75 


~ Mean value of M/d=0.03675. 


The flows used were all large and more constant than usual. 
This experiment gives ¢=0-00000159. 
The results are summarised below :— 


Current in F ret os Value of ¢ is calories per 
amperes. Tent parauete. degree Centigrade per tee 
4-1 60-6 0-00000154 
5:12 61:3 0-00000153 
6:24 60:2 000000151 
7:24. 61-4 000000151... 
8-25 63:7 0-00000165 | 
9-26 67:5 0:00000159 ... 8 


On ascertaining the direction of the current the Thomson * 


effect was seen to be negative for a flow of mereury down one 
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of the experimental tubes from hot to cold had a similar effect 
to reversing a current initially passing downwards, 


6. Discussion of Method and Results. 


While the theory of the method is general, it would seem 
limited in practice to mercury and amalgams. Again it is 
more important than in Haga’s method that adequate time 
be allowed for the attainment of the steady state ; for if the 
time were insufficient the deflections due to current reversal 
_would be too small, while the deflections due to impressed 
velocity would be larger than their ultimate value and so too 
low a value of the effect would be obtained. Probably this 
objection would disappear if the flows were started by slowly 
opening a tap. ce. 

On the other hand, the flow effect and Thomson effect are 
similar terms in the equation of the method, their influence on the 
emissivity loss being similar and negligible ; they can, moreover, 
be made to give deflections of the same order ; on the contrary, 
the Thomson effect and Joule effect are dissimilar and depen- 
dent, and in Haga’s methed in which a comparison between 
these two effects is made a measurement of temperature gra- 
dient is necessary, and deflections of the same order can only 
be obtained at the expense of differences in emissivity con- 
ditions. In practice the flow portion of the experiment has 
never presented the slightest difficulty, but much trouble has 
been taken in attaining suitable deflections on reversing the 
current and, above all, in securing consistency in their value by 
reducing to a minimum variations of zero. 

The author believes that the methed will be very suitable 
for finding the variation of Thomson effect with temperature, 
but has not attempted it with the present apparatus in which 
only the higher temperature source could conveniently be raised. 
Schoute’s results indicate that the variation with temperature 
is large,and it is thus not advisable to determine the temperature 
coefficient by increasing the temperature-gap. Moreover, 
it is desirable to shorten the time needed for attainment of the 
steady state. 

The results obtained by the author are in tair agreement with 
those obtained by Schoute, employing a modification of Haga’s 
method. Schoute obtained values, somewhat inconsistent, 
varying from as’ low as 0-00000134 at 32°C. to as high as 
0-00000248 at 154°C. the value changing from 0-00000160 at 
53°C. to 0°00000180 at 58°C. The only other experimenter on 


64 MR. H. REDMAYNE NETTLETON ON A 


the effect in mercury is Haga, who, working as far back as 1885, 
obtained a value as low as 0-00000069 at 78°C., but owing to 
the difficulties under which he worked his results are very 
inconsistent ; moreover, the Joule effect and Thomson effect 
temperature changes were measured under different conditions 
and in different ways, and what is serious in this particular 
method a very large upset of cross-section was caused by the 
introduction of his thermo-junctions. 


Tn conclusion, the author must express his thanks to Principal 
Armitage-Smith, for facilities for carrying out the work, all of 
which was done through the night; to Dr. A. Griffiths, head of 
the Physics Department, for his great interest, and to Mr. J. L. 
Prescott, who, while at Birkbeck College, made valuable trans- 
lations of most of the foreign Papers referred to in the introduc- 
tion. 


ABSTRACT. 


In this Paper an investigation is made of the distribution of tem- 
perature down a conductor conveying an electric current and at the 
same time moving uniformly through two fixed temperature sources. 
The effect of the Thomson heat on the distribution is seen to be 
exactly similar to the effect of a small impressed velocity. This result 
is applied to mercury to measure the Thomson effect by comparing 
the alteration of temperature ag, at a point near the middle of the 
gradient caused by reversing a current of C amperes with the altera- 
tion of temperature Ad, at the same point due to a flow of mercury 
of m grammes per second. It isshown that, without any approxima- 
tion as to emissivity loss or magnitude of Joulian heat, 2Cc/ms 
=A0,/A02, where s is the specific heat of mercury and c the specific 
heat of electricity. Working with currents of from 4 to 9 amperes 
and with flows of different magnitudes—but never exceeding 1 cm. 
per hour—consistent values of ¢ are obtained, the value at 61°C. 
being —1-52 x 10-6 calories per degree Centigrade per coulomb. The 
thermo-junctions, which were of iron and constantan, were fused 
through the glass tubes with inappreciable distortion. 


DISCUSSION, 


The Prusipunt stated that the Paper dealt with a difficult problem 
and gave an adequate and promising method of measuring the Thomson 
cflect, but he queried whether it was justified to assume the velocity of 
flow was constant over the cross-section of the tube. 

Dr. A. GrirritHs stated that it was not assumed that the. velocity 
over the cross-section was constant, but only that the temperature was 
constant, which on account of the extreme slowness of the flew Would be 
justified. The author performed one experiment when the flow was” 
stopped and obtained the same difference in temperature on reversing the* 
current. ote 
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Dr. W. E. Sumpyer pointed out that it was not realised how extremely 
slow the flow was—something of the order of 1 cm. per hour, 

Prof. C. H. Luzs was struck with the ingenuity of the method. There 
were, however, a number of small corrections to be considered, such as 
the heat transmitted through the glass. More accurate knowledge of the 
thermoelectric phenomena in liquids was urgently needed. 

Mr. R. 8S. Wurrrxe inquired how the iron and constantan wires were 
fused into the glass tube to which the Author replied, 
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V. An Improved Joule Radiometer and its Applications. By 
F. W. Jorpan, A.R.C.S., B.Sc. 


RecEIVED OctToBER 21, 1912. Reap NovemBer 8, 1912. 


I HAVE already described a simple Joule apparatus* adapted 
to show the existence of the Peltier and Thomson effects. 
The tube and partition in that apparatus possessed a consider- 
able thern_al capacity and were made of bad thermal conductors. 
The time of attaining temperature-equilibrium was conse- 
quently excessive, and its extreme sensibility to stray heat 
caused the zero to creep in such a way as to render the appa- 
ratus unsuitable for exact measurements. The following _ 
apparatus was designed to eliminate the necessity of elaborate 
thermal insulation and to give a steady zero and a fairly high 
sensibility. 

A brass tube A (Fig. 1), 4. cm. long, 1-6 cm. diameter and 
0-2 cm. thick, was divided longitudinally into two compartments 
by a copper plate B, 0-6 mm. thick. Two rectangular gaps 
were cut in diagonally opposite corners of the partition and two 
sector-shaped discs of copper, cc, were soldered to the edges of 
the gaps to form the horizontal sides of the channels for the 
current of air between the compartments. The partition B 
and the discs cc were soldered to the inner surface of the brass 
tube A. Two light mica vanes, dd, each 7 mm. by 6-5 mm. 
and total weight 1-4 mgm., were fixed with a little shellac to a 
fine glass stem e. The distance between the vanes and the 
other dimensions were arranged so that when suspended the 
clearance between the edges of the vanes and the sides of the 
channels was about | mm. A small silvered glass mirror m, 3-5 
by 2:5 by 0-2 mm., was attached to the glass stem e, and the 
whole system was suspended by a quartz fibre 9 em. long and 
0-004 mm. diameter about. The flanged ends of the brass 
tube A and the brass cover plates DD were ground plane and 
screwed together tightly. The glass tube E carrying the 
torsion head was fitted over a short brass tube fixed centrally 
to the upper cover plate. The motion of the vanes was limited 
by stops to about 20 degrees. The air in the interior of the 
apparatus was thus practically sealed from conimunication with 
the atmosphere and shielded from stray heat by thes brass 


. 


* “ Nature,” May 18, 1911, p. 380. 
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enclosure. The apparatus was fitted inside a concentric brass 
tube and the whole was mounted on a levelling stand. More 
elaborate thermal insulation would probably be required in 
the neighbourhood of intense sources of heat and also for a 
more sensitive instrument. 
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The sensibility of an instrument of this type may be ex- 
pressed by the deflection in millimetres on a scale at a distance 
of a metre from the mirror produced by the absorption or 
evolution of heat at the rate of a microwatt in one of the com- 
partments. This was determined by passing a measured 
current through a known resistance in one of the a aa 

2 
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The ends of a short length of No. 47 eureka wire / were 
soldered to two leads g of No. 36 copper wire. The insulated 
leads g were fastened together, and to the inside of a narrow 
glass tube with paraffin wax. The glass tube was passed 
through a circular aperture in the lower cover plate and sealed 
with chatterton compound ; a pair of dummy leads were simi- 
larly mounted in the other compartment to compensate any 
gain or loss of heat along the leads to the resistance loop. 

The position of the spot of light on the scale was steady a few 
minutes after the apparatus had been levelled and adjusted. 
Bringing the hand quite near to the outer brass tube had no 
appreciable effect, and the zero remained steady to within a 
fraction of a millimetre. The motion of the vanes was exces- 
sively damped, and the period of swing was much greater than 
the undamped natural period. 

The deflections produced by measured currents through the 
resistance loop were very nearly proportional to the squares 
of the currents. This agreed with the results I have obtained 
with other instruments ‘of this type. In the case of the full 
scale deflection the spot of light became steady 40 seconds 
after the current was started through the resistance. On 
breaking the current the spot of light returned to the original 
zero in about the same interval of time. This interval of time 
could be reduced by diminishing the air resistance to the 
motion of the vane. The latter could be effected by increasing 
the clearance around the edges of the vanes. The following 
figures give some idea of the sensibility of the instrument. 

A deflection of 122 mm. on a scale at a distance of a metre 
from the mirror was produced by a current of 4:75 milliamperes 
through the resistance of 10-5 ohms. This gives a sensibility 
of 0-52 mm. per microwatt. The small deflection of about 
1mm. produced by 0:5 milliampere could be repeatedly 
observed. The range of the instrument could be extended 
to measure feeble alternating currents of the order of 10-* am- 
peres by using a heater of 1,000 ohms, and the least detectable 
current in this case would be 5x 10-° amperes. 

Alternating currents producing more than the full scale 
deflection could be conveniently and accurately measured by 
the compensation methods of H. L. Callendar* and K. Ang- 
strém.f In Callendar’s method the heat from theheater would 
be absorbed by the current through a thermo-junctiod in the 


* Phys. Soc. “ Proc.” Vol. XXIII, March 17, 1911. : 
| Phys. “Zeit.,” p. 685, 1905. 
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same compartment. In Angstrém’s method the heat would be 
balanced by the heat from a similar resistance in the other 
compartment. A calibration with direct currents would be 
necessary in every case to measure alternating currents. 

Although I have not yet tried it, the instrument may be 
adapted to measure the heat given out by small quantities of 
radium. A calculation shows that | mgm. of radium should 
give a deflection of 50 mm. on the scale. 

To measure radiant heat it would be sufficient for most pur- 
poses to make a small window of rock salt or fluorite of about 
50 sq. mm. in the side of the brass tube A and direct the radiant 
heat on to a thin metal disc supported centrally by a fibre in one 
of the compartments. The rate of absorption of heat by the 
disc could be measured by Callendar’s method. The indications 
of the instrument could thus be made independent of radiant 
heat from directions other than those limited by a tube directed 
towards the window and the receiving disc. 

Previous to this I had constructed on similar lines an appa- 
ratus in which the tube and partition were made of thin mica 
and 12cm. long. This larger instrument was eleven times as 
sensitive as the one described here, but owing to the difficulty 
of thermally insulating the apparatus it was abandoned. 
There seems to be no reason why that sensibility should not be 
attained again in an improved form of instrument. 

In the original Joule apparatus the radiation from an ex- 
ternal source was absorbed by the badly conducting glass walls 
and partition of cardboard. The convection current of air 
was thus formed near the inner surface of the compartment and 
attained a steady velocity when temperature equilibrium had 
been established. The latter state would only be complete 
after a considerable interval of time, owing to the large thermal 
capacity and small thermal conductivity of the enclosure. 
In the modified apparatus the heat radiated to the walls of a 
compartment is practically ineffective in producing a convec- 
tion current, and thus one cause of its slowness of action and 
unsteadiness of zero has been removed. 

Since the construction of this experimental form of radio- 
meter a compensation method of measuring the Thomson 
effect has occurred to me. The present apparatus is on too 
small a scale and would have to be considerably modified in 
order to be suitable for this measurement. The following is 
an outline of the method. 

A thin wire of the metal AB (Fig. 2) is attached with solder 
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or an electro-deposit of the same metal to the thick leads D 
and H, also of the same metal. These leads are insulated from, 
and led through, the lower cover plate of the radiometer. Two 
thin wires of different metals, OF and OG, are attached to wire 
AB to form a thermo-junction, O, for the measurement of the 
temperature at the centre of AB. One of these wires, OG, 
should be of the same metal as AB. Two small plates of mica, 
perforated to slip over AB, serve to separate the parts of the 
wire to the right and left of the thermo-junction and also to 
form a continuation of the partition of the radiometer. 

Let an alternating current, C, or a direct current reversed at 
regular short intervals be passed through AB. The resistances 
of the two halves of the wire may be adjusted by electro- 
deposition, so that the convection currents on either side of the 


rece 


partition cause only a small deflection of the vane. This 
adjustment need not be made exactly, as balance can be effected 
by passing a current through an auxiliary heating coil. The 
fractions of the quantities of heat evolved by the halves of the 
wire, which are effective in producing the convection currents, 
will not in general be the same. 

Let k, and k, be these fractions for the halves OA and OB 
respectively. 

Let R, and R, be the resistances of the halves OA and OB 
respectively. 

Let ¢ be the rate of generation of heat by auxiliary coil, plus 


that which corresponds to small deflection of vane. * 
“h. 


Then k,C?R,—k,C?R,=¢. Nb eh gs: 


A strong direct current, C, is then passed through the wire to 
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raise its temperature to about 100deg. The cooling in one 
half of the wire due to the Thomson effect is compensated by 
passing a small current, c, in the opposite direction through the 
other half and the lead OG. The reverse holds for any heating 
due to Thomson effect. An approximate calculation shows 
that, by suitably dimensioning the wires, the current ¢ can be 
made as small as 0-:002C. Thus the Thomson and Joule effects 
in the lead OG can be neglected. 

On changing from alternating to direct current the resis- 
tances will, owing to the Thomson effects, undergo small varia- 
tions. In the following treatment, for the sake of clearness, 
it is assumed that the figure applies to the case where the 
Thomson effect is positive. 

Let o=Mean Thomson coefficient in volts per degree, 

C—Current through BA, 

c—Compensating current through OB, 

i=Difference of temperature between the centre O 
and the leads D and E as determined with 
thermo-junction at O and others on leads D 
and EK, 

dR, and 6R,—Variations of the resistances R, and R, respec- 

tively. 

Let the compensating current c be adjusted to give the same 
deflection as formerly. Then 

k,{C?(R,+6R’ ,)+-oCt} —k (C+ c,)*(R,+ 6R’,) 

a(C-+-e,)th=¢. (1) 

The assumption that k, and k, for the Joulean heat are the 
same as for the Thomson heat is justifiable in the case where (1) 
there is a steep temperature gradient from the centre towards 
the end of wire AB, and (2) the greater part of the heat from 
wire AB is dissipated within the radiometer. Both these 
conditions can be nearly fulfilled. 

Let © be reversed and compensation effected by adjusting 
cfrom Bto O. Then 

k,{C2(R,—6R”,)— Ct —hi(C Cy)?(Ry—OR’ >) 

La(C—c,)t}=¢. (2) 


There remains on subtracting (2) from (1) and neglecting 
small terms 
k,C?6R, —k,C?6R,.4+ 2k,oCt+ hot (C+-¢)) 
+(C—e,)} —2h,C(ey+02)R.=-0, (3) 


where 6R,=6R’,+6R”, and 6R,=6R’,+ dR”. 
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Let the compensating current ¢ be now passed through the 
other half OA of the wire AB. Then similarly 
kC°OR”,—k, COR” + 2k yo Ct-+-k ot} (C-+cg) 
+(C—e,)'—2yCle,+e,)R,=0. (4) 
It may be assumed that d0R,— dR”, =6R,—0R”,.. Hence 
addition of (3) and (4) and division all through by C gives 


dou ky phy—OT OFT R Reet ky) =0. (5) 


To obtain this equation it has been assumed that (1) (e;—e,) 
and (c;—c,) may be neglected in comparison with C, and (2) 
ky very nearly equals k,, and (3) R, very nearly equals R,,. 

Thus Pa Co+63 = c,)(Ry R,) : ae a (6) 

&t 

To measure ¢ two additional thermo-junctions would be 
attached to leads D and E, preferably near the cover plate of 
the radiometer. The resistance (R,+R,) would be the total 
resistance of wire AB, and the parts of the leads D and E be- 
tween the extreme thermo-junctions. This resistance could 
be measured with sufficient accuracy by the aid of a potentio- 
meter or a voltmeter. 

All the quantities on the right of equation (6) are measurable 
to a sufficient degree of accuracy for the determination of the 
Thomson coefficient. It is very difficult to separate the 
Thomson effect in a metal from other parasitic E.M.F.s arising 
from possible inequalities in the composition and crystallo- 
graphic structure of the metal. The latter is more especially 
true of those metals in which the Peltier and Thomson E.M.F.s 
vary with direction through the characteristic crystal of the 
metal. Hence in many cases too much reliance cannot be 
placed on the final result. 


Sourg- WusrEerNn PotyTrcuyic, Cuursna, 8. W. 


“ABSTRACT. 
F The first part of the Paper relates to improvements which have 
been mrade in order to convert the original Joule convection appa- 
ratus into an instrument for the exact measurement of small steady 
rates of evolution or absorption of heat. These improvements con- 
sisted in (1) replacing the badly conducting glass enclosure and card- 
board partition by others made of. brass and copper respectively ; 
(2) replacing the uncertain and variable magnetic control of the 
movement of the vane in Joule’s apparatus by the elastic control ef a 
quartz fibre ; (3) shaping the channels, in which the vanes moved, so 
that the angular deflection of the vanes was proportional to the rate 
of evolution of heat ; (4) reducing the size, so that a more uniform 
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temperature of its various parts could be easily maintained by (5) 
placing the radiometer within a concentric brass tube to exclude all 
extraneous heat excepting that which might be directed through 
apertures in its side towards the radiometer. 

The sénsibility of the instrument was measured by passing a 
current through a resistance loop in one of the compartments of the 
partitioned tube, and found to be equal to 0:52 mm. per microwatt, 
as measured on a scale at a distance of 1 metre from the mirror. 
Thus the instrument mvy be used for the measurement of fecble 
oscillating currents, it being about as rapid as a Duddell milli- 
ammeter. 

To convert the apparatus into an instrument for the measurement 
of radiant heat it is suggested that the radiant heat be directed 
througha small rock salt or fluorite window in the side of a compart- 
ment on to a thin blackened metal disc supported centrally by a 
badly conducting fibre within the compartment. 

Its use for the quick measurement of the heat given out by radium 
is also suggested. 

It is suggested that small steady rates of evolution or absorption of 
heat might be measured by the compensation methods of Callendar or 
Angstrom. 

The second part of the Paper relates to a suggested method of 
measuring the Thomson effect with this radiometer. The method 
hinges on an experiment described by the author in ‘“‘ Nature,” 
May 18, 1911, p. 380. In that apparatus the halves of a thin wire on 
either side of the partition are heated by the passage of an alter- 
nating current through thicker leads of the same metal. The Joule 
effects are compensated very nearly by an electro-deposit of the same 
metal, by scraping the thin wire, or by an auxiliary heating coil. The 
substitution of a direct current for the alternating current causes a 
slight heating in one and a cooling in the other half of the wire. The 
heating or cooling due to the Thomson effect in one half of the wire is 
compensated by passing a small measured current in the proper direc- 
tion through the other half of the wire. This small current is passed 
through a thin lead of the same metal attached to the centre of the 
thin wire, and may be adjusted in four different ways. The tem- 
perature difference between the centre of the wire and the thick 
leads is measured with suitably attached thermojunctions. 

The Thomson coefficient is expressible in terms of measurable 
quantities, and is equal to the product of the mean compensating 
current and the mean resistance of the halves of the wire divided by 
the temperature difference between the centre of the thin wire and its 
thick leads. 


DISCUSSION, 


Dr. W. H. Eccuus stated that he had worked a good dea! with other 
forms of convection instruments. The better-known type consisted of a 
helix of wire which was caused to rotate by the draught up the tube. 
Forbes in 1890 patented a convection galvanometer with a screw pro- 
peller placed in the draught tube over the heater. He had developed this 
by using a fine paper screw propeller suspended by a quartz fibre, and 
used it for measuring small oscillatory currents, though his old instru- 
ment was 50 times less sensitive than Mr. Jordan’s. 

The Auraok stated that Crookes in 1887 had used vanes set at 45° in a 
tube to measure convection currents. 


ra 
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VI. Note on the Attainment of a Steady State when Heat 
Diffuses along a Moving Cylinder. By Miss A. SomErs, 


B.A, 


CommunicatTap BY Dr. A. GriFFirzs, BrirxBEcK COLLEGE. 


RECEIVED OctToBerR 8, 1912. Reap Novemser 8, 1912. 


In experiments aiming at the determination of thermal con- 
ductivity, carried out by Mr. Nettleton, and described in the 
“ Proceedings of the Physical Society of London,” Vol. XXII., 
April, 1910, a column of mercury having its ends at fixed tem- 
peratures is kept in steady longitudinal motion, and it is 
necessary to ascertain the time of attainment of a steady flow 
of heat along the column. ‘This has been done by experiment, 
but the following suggests a method of calculating the time 
from purely theoretical considerations :— 
Let K=the thermal conductivity of the material of the 
column, 
v=the velocity of the column when moving from the 
cooler to the hotter region, 
p=the density of the material of the column, 
s=the specific heat of the same, 
=the temperature above the enclosure at any point 
within the column of distance x from the plane 
normal to the column through its cooler end, 
at a time ¢ measured from the beginning of the 
experiment, 
L=the length of the column between the points at fixed 
temperatures, 
0,,=the fixed temperature at the hotter end, 
0,=the fixed temperature at the cooler end. 
Let the initial temperature of the column be that of the 
enclosure. 
Then, when the flow is from the cooler region, the equation 
which gives the temperature at any point within the.column is 
a 
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The solution of this equation to satisfy the conditions of the 
experiment is 
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where 7 has every positive integral value in turn, and 
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_As the rate of flow 6f heat past any point in the cylinder is 
given by 
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it follows that the rate of flow across the hotter end of the 
cylinder is given by 


VOSs 
(0,—9)) oat 1 
OK 272K __ /(v%p2s2_, 2m2K) t 
a L ae a 8,,— (LO eM Je ( Ko ) ‘ 
Se 4 27°K 
vos 2 


being (0,—4,) when the steady state is attained. 


erp L/K __] 

Thus the formula gives the time of attainment of the steady 
state.* 

It may be noted that a strictly analogous equation is applic- 
able to the case of the diffusion of a salt in solution through 
a tube, both ends of which are kept at constant concentration, 
as described by Mr. Clack in the “ Proceedings of the Physical 
Society of London,” Vol. XXI., 1908, and Vol. XXIV., De- 
cember, 1911. He has calculated the time required for the 
attainment of a steady rate of diffusion when the liquid is at 
rest, and concludes from experimental evidence that the actual 
small variable velocity of the liquid will not appreciably affect 
this time. 


* Calculations based on these formule show that, with velocities of the 
magnitude suggested by Mr. Nettleton, an approximately steady state, 
involving less than 0°5° difference from the ultimate temperatures along 
the column, will be attained in just over two hours. 
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Assuming that the velocity is uniform, this conclusion is 
supported by calculation from a formula similar to the above, 
since the velocity in this case is of far lower order than the 
coefficient of diffusion. 


ABSTRACT. 


The Paper dealt with.the case of a column of mercury moving with 
uniform speed between two fixed temperature sources. The differen- 
tial equation for the temperature within the column was stated and 
its solution given, and it was shown how the time of attainment of a 
steady state could be obtained from the latter. The case of the 
diffusion of a salt in solution up a tube cowld be treated in the same 
nianner. 


Z DISCUSSION. 


Dr. A. Grirritus asked if some Fellow would solve the problem when 
the velocity, instead of being constant, was a periodic function of the 
time. 

Mr. B. W. Crack stated that Miss Somers had referred to his work on 
diffusion, and in such a slow phenomenon it was im portant to save as much 
time as possible. The velocity of the liquid down the diffusion tube re- 
ferred to was in his experiments natural and not artificial, depending on 
the change in volume of the solution as it became less concentrated by 
the diffusion. This velocity was veryslow. In his apparatus it was of the 
order 1 cm. in four months, and he felt justified in assuming that this 
would not materially alter the time required to attain the steady state. 
Experiments showed that this assumption was legitimate. 

Me. K. AppLuyarp drew some analogies between the differential equation 
used and that for the flow of electricity along conductors. : 
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VIL. The Thermomagnetic Study of Steel. By 8S. W. J. Surru, 
M.A., D.&Sc., Assistant Professor of Physics, Imperial 
College of Science. 


RECEIVED OcToBER 21, 1912. READ Novemper 8, 1912. 


Amone the phenomena exhibited by magnetic materials, one 
recurs so frequently that it may reasonably be looked for in any 
substance whose magnetic properties are still incompletely 
known. 

This phenomenon appears in curves plotted to show corre- 
sponding values of the permeability and the temperature 0 
for different values of H, the magnetising field. For each 
particular field there is in general a temperature at which the 
permeability is a maximum. When the field strength is 
comparatively large the maximum is not very pronounced and 
the ww curve is concave to the axis of 0 over a wide range. 
As the field strength is reduced, however, the maximum 
becomes (within certain limits) more and more clearly defined. 
The range over which the curve is concave to the axis of 
temperature becomes ultimately only a few degrees. Simul- 
taneously the temperature of maximum permeability 
approaches the critical temperature of the substance. 

These characteristic variations constitute the phenomenon 
referred to above. They suggest a method of exhibiting, with 
the maximum of clearness, the co-existence of different mag- 
netic constituents in the same material. The object of this 
communication is to illustrate this method by showing how 
strikingly the presence of carbide of iron in steel lends itself 
to demonstration by its aid. 

It has been shown in an earlier Paper* that the permeability 
of this carbide is relatively very small above 230°C. The 
measurements were therefore restricted to temperatures 
between that of the air and 250°C. They were made by 
the ballistic method upon a sample of the nearly pure carbon 
steel kindly given to me by Prof. Arnold, and stated to contain 
the following percentages of elements other than iron: 
C=0-85, Si=0-05, Mn=0-06, 8=0-03 and P=0-02. The 
material was supplied in the form of carefully annealed 


* “ Proc.” Phys. Soc., Vol. XXIV., 1911, p. 64. 
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rods half an inch in diameter. From one of these a tube 
5em. long was constructed, having an inductive cross- 
sectional area of nearly 1 sq. cm. 

It was found by trial that cotton immersed in melted paraffin 
wax retains its insulating power sufficiently well, for the pur- 
poses of magnetic measurements, up to 250°C., although it 
chars and becomes defective at much lower temperatures when 
heatedin air. The primary and secondary coils were therefore 
constructed of cotton-covered wire and the “ ring” was sus- 
pended, by the leads from the coils, within a test tube contain- 
ing more than enough wax to cover it completely. Heat 
was conveyed to the test tube through a thick containing tube 
made of copper. The temperature of the ring was measured 
by means of a calibrated copper-constantan couple placed 
within it and also by means of a mercury thermometer in 
contact with its outer surface. 

Some of the results of the experiments are shown in the 
figure on page 79 in which the abscisse are temperatures and the 
ordinates are the approximate permeabilities, in absolute units, 
corresponding with the values of H marked opposite the curves. 
The points denoted by crosses represent observations taken 
during cooling. Only a few observations (represented by dots) 
were taking during heating, owing to the relatively greater 
difficulty of temperature regulation in that case. 

The curves present various features of interest which it seems 
inadvisable to discuss in detail until further experiments upon 
this and upon other steels containing different percentages of 
carbon have been completed. 

It seems obvious, however, that the contribution of the 
carbide towards the apparent permeability of the material 
as a whole becomes more and more restricted in its range as the 
strength of the magnetising field is lowered. Until, when the 
field is below 0-2 gauss, the even sweep of the curve between 
20°C. and 250°C, suffers no considerable disturbance except over 
some tens of degrees in the neighbourhood of the critical 
temperature of the carbide. To show this the more clearly in 
the figure the curve for H=0-19 C.G.S. is drawn more boldly 
than the rest. Attention may also be drawn to the curve for 
H=0°045, the weakest field in which measurements could 
conveniently be taken with the apparatus used, .Insthis case 
the maximum permeability occurs in the neighbourhood 
of 213°C, and is nearer the critical temperature than any 
of the other maxima. The «@ curve also descends more 
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steeply beyond the maximum than in any of the other cases. 
Several of the curves—this one in particular—show evidence 
of a secondary maximum which may possibly be due to some 
unsuspected constituent. 

It is not, of course, to be supposed that the fields given in the 
figure are the actual fields in which, for example, a ring of the 
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pure carbide would exhibit variations of permeability precisely 
similar to those just described. The carbide, as we have 
examined it, is embedded in a material of which the permea- 
bility is in general very different from its own. The effective 
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field within it will therefore be different in general from the 
average field within the steel as a whole and will, moreover, 
be different in different parts of the rig—unless the distribu- 
tion of the carbide is exceptionally regular. 

It is, however, unnecessary for the present purpose to lay 
stress upon this point. The immediate object is only to show 
that, by experiment, fields can be found which make the 
existence of a particular constituent very conspicuous. 

When it is remembered that the existence of any definite 
carbide of iron has often been a subject of dispute amongst 
metallurgists and others, and even now rests mainly upon 
chemical analyses somewhat difficult to perform, it is sur- 
prising that purely physical methcds of indicating its existence 
were not multiplied long ago. 

It will be seen that the results given in this Paper explain 
the rounded outlines of the permeability-temperature curves 
given in Fig. 3 of the earlier Paper* in which fields stronger than 
H=2 were applied. They explain also why the temperature 
of the maximum permeability below 250°C. becomes lower 
as the field strength is raised. Similarly, they account for the 
shapes of the curves given in recent Papers by Maurain} and 
by Moir.t All of these data, to which may be added the 
results given ina still more recent Paper by Mr. Guild and the 
writer,§ can therefore be cited in proof of the existence of the 
same constituent in steels containing the most widely differing 
perecntages of carbon. They show also that the relative 
amount of this constituent increases with the percentage of 
carbon, and it is quite possible that a methcd could be devised 
by which, from the thermo-magnetic properties alone, the 
percentage of carbon in any particular steel could be easily 
determined. ; 


ABSTRACT. 


Thermomagnetic measurements make it increasingly evident that 
the magnetic properties of steels are frequently those of mixtures of 
magnetic substances, each possessing characteristic properties, which 
contribute in a comparatively definite way to the properties of the 
material as a whole. 

In the case of a simple ferrcmagnetic substance, magnetising fields 
can generally be found in which the permeability variation with tem- 


* Toe. cit., p. 66. : oar ae: %, 
} ‘Ann. de Chim: et de Phys.,”’ Vol. XX., 1910, pp. 353-389. : 
t “ Proc.” R.S.E., Vol. XXXI., 1911, pp. 505-516. : 


§ “ Proc.” Phys. Soc., Vol. XXIV., 1912, pp. 342-348, 


THERMOMAGNETIC STUDY OF STEEL. 81 


perature is comparatively small except in the neighbourhood of the 
critical temperature. In such fields there is a very clearly marked 
peak in the permeability temperature curve for the substance. The 
explanation of this peak which the molecular theory affords is well 
known, and suggests that the phenomenon should be found common 
to all ferromagnetic substances. The immediate object of the pre- 
sent Paper is to show that it is exhibited by the carbide of iron 
(cementite) which exists in annealed carbon steels. For this pur- 
pose it is not necessary to isolate the carbide because, as shown in the 
Paper, the phenomenon is quite clearly discernible in the perme- 
ability temperature curves for the steel. The particular steel ex- 
amined contained 0-85 per cent. of carbon. It was found that the 
fields necessary to evoke the comparatively sudden variations in the 
permeability of the carbide above described are small and such that 
the permeability variation of the iron present along with the carbide 
is slight in the neighbourhood of the critical temperature of the 
latter. The sudden gain and loss of permeability by the carbide as 
the temperature alters will be roughly equivalent to sudden removal 
and replacement of gaps in the magnetic circuit through the steel. 
They should therefore be attended by correspondingly sudden rise 
and fall of the apparent permeability of the material as a whole. 
This is found to be the case. There is a sharply marked peak near 
210°C. upon the permeability temperature curve for the steel. 

In the absence of measurements between 200°C. and 220°C. the 
peak would escape notice and it is for this reason, probably, that it 
has not been recorded before. It could scarcely be found by acci- 
dent. The search for it was prompted by the considerations out- 
lined above in conjunction with results obtained in earlier work with 
Messrs. White and Barker. 
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